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Abstract
ABSTRACT OF THE DISSERTATION

Nanoparticle Formation in the Flame Synthesis of Multicomponent Nanostructured Materials for
Clean Energy Applications
by
Jiaxi Fang
Doctor of Philosophy in Energy Environmental and Chemical Engineering
Washington University in St. Louis, 2016
Professor Pratim Biswas, Chair
This dissertation studies the initial stages of particle formation during the combustion
synthesis of multicomponent nanomaterials. Combustion is commonly used for the production of
nanomaterials at industrial scales and has advantages of high production rates, low waste
generation, and scalability. However, there are limitations in being able to apply this synthesis
approach to more advanced multicomponent systems. Gas to particle conversion in flames occurs
through precursor decomposition, collisional growth, coagulation, condensation, and sintering.
There is a fundamental gap in knowledge on the initial stages of particle formation in flames below
2nm due to measurement difficulties and instrumentation limitations. Using a high resolutio n
differential mobility analyzer, the first mobility spectrum measurements of sub 2nm clusters were
presented for single component TiO 2 and multicomponent SiO 2 /TiO 2 synthesis demonstrating the
importance of discrete clusters during particle growth.
Further insight into the nature of sub 2nm clusters were gained through the utilization of
an atmospheric-pressure time-of-flight mass spectrometer to measure the chemical composition of
xvii

sub 2nm clusters. During the combustion synthesis of TiO 2 , it was revealed that for negative ly
charged species, chemical ionization plays an important role in the formation of TiO 2 clusters
while large concentrations of high molecular weight organometallic Ti clusters could be measured.
Using similar approaches for silica, intermediates of silica clusters could be identified. The main
Si growth pathway was revealed to be through silicic acid clusters, where dehydration, hydrogen
abstraction, and hydroxyl radical interactions persist through larger clusters of Si. With
multicomponent systems of TiO 2 and SiO 2 , evidence of mixed oxide cluster growth could be seen
along with independent cluster growth. Mass mobility plots from tandem ion mobility
spectrometry-mass spectrometry further revealed that metal oxide cluster masses were much larger
than predicted by the widely utilized Kilpatrick relationship used for mass-mobility correlations.

The role of ions during combustion synthesis was further studied through measurements of
natively charged, charge conditioned, and neutral particle size distributions. Using current voltage
measurements in an electric field, the concentration of ions and electric properties of flames were
also used to provide insight into ion properties during combustion synthesis for TiO 2 and SiO 2 .

Finally, insight from previous studies on the mechanisms of particle formation were
applied in developing a system for the synthesis of niobium doped TiO 2 nanostructured thin films
towards transparent conducting oxide applications. Using a flame aerosol reactor, highly
conductive and transparent thin films could be synthesized while enhanced conductivity was
achieved through controlled- niobium doping into the anatase crystal lattice of TiO 2 . Findings from
this dissertation have revealed the complexity of gas to particle conversion mechanisms in the
initial stages and are the first step towards developing the ability to design flame aerosol reactors
for advanced materials synthesis.
xviii

1. Introduction
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1.1 Overview
As nanomaterials become more prevalent in applications such as sensors, clean energy, and
medicine, the ability to manufacture advanced nanomaterials in a scalable, cost effective manner
is limited by the ability to apply these approaches at commercially relevant scales. Aerosol
synthesis techniques can be a scalable, cost effective method of manufacturing nanomaterials in
large quantities but suffer from process design limitations due to a lack of fundamental
knowledge regarding the initial stages of particle growth [1]. For example, the chloride process is
commonly used for the production of TiO 2 nanoparticles, but a lack in understanding on the
particle growth mechanisms limits the optimization of this process. Industrial flame aerosol
reactors are mostly designed and developed through empirical approaches limiting their
applicability to more complex systems and advanced materials. Factors such as the precursor
type, flame chemistry, flow structure, and quenching all can have dramatic effects on the
resulting particle size, morphology, and structure. Complexities in these areas are compounded
with multicomponent systems making tailored nanomaterials even more difficult to synthesize at
industrial quantities. The Long term success of combustion synthesis as an industrial technique
will rely upon the ability to develop these processes for more advanced materials based on first
principle approaches instead of empirical approaches [2].

1.2 Motivation
Nanotechnology as grown from a technology focused on discovery, to a technology now
focused on commercialization and innovation as the nanotechnology industry is projected to
reach $75.8 Billion by 2020. In 2015, sales of nanomaterials alone grew from $1.6 billion to $2.1
2

billion [3]. Nanomaterials also have common features which make it applicable in a wide array
of markets and materials with implementation in metal polymer alloys, fiber composites,
coatings, polymers, catalysts and photovoltaics. These materials are consequently used in target
applications such as cosmetics to cars to consumer electronics. As the demand for nanomaterials
increases, more scalable, cost effective, and sustainable techniques for manufacturing will be
required. This is further reflected in the National Nanotechnology Initiative (NNI) which
proposes a 2016 budget of $1.5 billion for federal agencies with investments in nanotechnology
R&D. Most notable is the fact that several NNI participating agencies such as the DOE, NIH,
and FDA are requesting significant increases in their 2016 nanotechnology investments [4].
Thus, as new technologies emerge from lab scale research, translation of this technology to
commercial scales will require cost effective synthesis techniques.

Many techniques exist for gas phase nanoparticles synthesis but none has been utilized
with more success than flame aerosol reactors as it has become a multibillion dollar U.S.
business [5]. Different types of combustion systems can also be designed to accommodate
different precursor delivery methods, flame chemistry, and production rates [6]. These include
premixed flame aerosol reactors [7], diffusion flame aerosol reactors[8], and flame spray
pyrolysis [9]. Advantages in flame aerosol reactors include being a single step process with no
moving parts, scalability, low waste generation, and rapid rates of production. Limitations
include difficulties in controlling particle morphology, composition, and accurate predictive
capabilities. Currently applications of flame aerosol reactors include the synthesis of titania,
aluminum oxides, fumed silica, and carbon black. Recent advances in flame aerosol reactors
have allowed for the ability to functionalize nanoparticles and coat them. The ability to make
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more complex nanoparticles has been demonstrated however proper control over composition
and morphology still remains a critical issue.

1.3 Background on combustion synthesis
Combustion synthesis is a self-propagating high temperature synthesis process by which
nanomaterials are manufactured through gas-particle conversions. Using a flame aerosol reactor
(FLAR), gas phase synthesis can be performed to yield nanomaterials by utilizing gaseous
precursors which are added to a flame. High temperature reactions and aerosol growth processes
take place in the flame zone to convert precursors into stable the intended nanomaterial product.
Particle formation mechanisms and pathways can be described as precursor decomposition [1],
coagulation, condensation [10], nucleation [11], and sintering [12]. Figure 1.1 provides an
overview of the pathways towards particle formation in a flame aerosol reactor. Among each of
these steps, the formation of stable clusters below 2nm has been neglected due to difficulties in
measurement, thus there is a significant knowledge gap on the mechanisms of the initial stages of
particle formation.

4

Figure 1.1: Overview of particle formation mechanisms in a flame aerosol reactor. Cluster and
collisional growth mechanisms are outlined in red as an area of significant mechanistic
knowledge gap.

Attempts to model aerosol growth processes must rely on a mechanistic understanding of
how these particles form. Particle growth processes above 2nm such as coagulation,
condensation, and sintering, mostly due to the ability to measure these processes in detail with
established measurement techniques. The steps for particle growth are described below:

1. Decomposition: gaseous precursors such as titanium(IV) isopropoxide are converted to
monomers through various chemical pathways such as decomposition, oxidation, and
hydrolysis[13].

5

2. Collisional growth: monomer products from precursor decomposition undergo
molecular coagulation due to Brownian motion (typically in the free molecular regime) to
grow into stable clusters and primary particles [14, 15].
3. Nucleation: Particle birth due to thermodynamically favorable conditions from
supersaturated vapor concentrations [16].
4. Condensation and surface growth: attachment of vapor phase molecules onto the
surface of larger particles [17].
5. Coagulation: aggregation through collisional growth due to Brownian motion in the
continuum regime [18].
6. Sintering: coalescence of aggregates through solid state diffusion or viscous flow
towards the reduction of surface area [19].
1.4

Measurements of particle growth in flame aerosol reactors

Here we present an overview of real-time measurement techniques for particle growth in
flame aerosol reactors. A majority of studies on particle formation during combustion synthesis
relies on electrical mobility measurements ranging from 10-400 nm using differential mobility
analyzers (DMA). Commercially available scanning mobility particle sizers (SMPS) provide the
ability to measure size distributions in real time using electrostatic classification and particle
counting (Figure 1.2, [20]). These methods are well established and are the most common means
of measuring size distributions.

A
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Figure 1.2: A resulting size distributions measured in a flame aerosol reactor at various heights
in a diffusion flame aerosol reactor during the combustion synthesis of TiO 2 using a nano DMA

Optical approaches have also been utilized commonly for in situ diagnostic measurements of
particle formation in flames. This includes laser induced incandescence (LII) [21] , laser induced
breakdown spectroscopy(LIBS) [22], and laser induced fluorescence (LIF) [23], and light
scattering measurements [12]. Each of these techniques have been applied to a variety of
aerosols to study mechanisms of particle formation, for example, Yang and Biswas [12] used
light scattering to study the sintering of titania nanoparticles in premixed flames. Advantages of
these techniques revolve around the ability to measure characteristics in the flame without
significant intrusion or external influence on the flame. Furthermore these techniques have been
successfully extended towards mixed systems, for example, Mcmillan et al. [24] used LIF to
study multicomponent particle nucleation mechanisms with the vapor phase growth of iron
oxide-silica nanocomposites. Light based approaches however are not suitable for studies below
a certain size range (~5-10 nm) due to limitations in signal intensity and detection limits.
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1.5

Flame chemistry measurements
Some of the earliest studies on combustion have utilized mass spectrometric techniques

to answer questions regarding flame chemistry [25]. Detailed reviews regarding ion
measurements in flames have mainly focused on flame chemistry, flame structure, ionization
mechanisms, and soot formation mechanisms [26, 27]. Despite over 30 years of research, a
detailed understanding of soot formation, and overall particle formation at the initial stages is
lacking. Such measurements are based off of molecular beam mass spectrometry (MBMS) due to
their high sensitivity and ability to detect single molecules and radicals. Briefly, a flame MBMS
consists of a sampling probe, skimmer, and a detection system (Figure 1.3, [26]). Sampling
probes are designed to minimize perturbations in the flame while extracting flame gases with a
rapid expansion to reach collision- less free molecular flow thus preventing further chemical
reactions. A molecular beam is created through a multistage expansion where the 1 st and 2nd
stage is pumped to a pressure of 10-4 and 10-6 Torr respectively. After the molecular beam enters
the 2nd stage expansion through a skimmer, ionization of gas molecules takes place through
either electron or photoionization. The subsequent ion masses are measured with a quadrupole
mass spectrometer in the final stable. Perpendicularly with a flame, where the distance between
the burner head and sampling probe can be modulated [27].
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Methane air flat flame

Molecular beam
Mass Analyzer

1st Stage
P=10-4 Torr

P>10 Torr

2nd stage
P=10-6 Torr

Figure 1.3: Principal scheme of MBMS for mass analyzers for flames [26].

This technique has been applied to understanding the chemical pathways of TiO 2
formation in a hydrogen flame [28] and TEOS decomposition kinetics [29]. Both studies have
revealed more detailed chemical pathways of precursor decomposition, but have been unable to
address the resulting particle growth mechanisms. Such precursor decomposition kinetics are
addressed in the following:

1.6

Precursor decomposition pathways:
Simplifications on the reaction mechanisms for organometallic precursor decomposition has

assumed single step reactions based on 1 st or 2nd order reactions. The kinetics and chemistry of
precursor oxidation and decomposition for the synthesis of TiO 2 [30] from TTIP has assumed
three main pathways:
I.

Gas phase thermolysis for TTIP [31] :
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𝑇𝑖(𝑂𝐶3 𝐻7 )4(𝑔𝑎𝑠) → 𝑇𝑖𝑂2 + 4𝐶3 𝐻6 + 2𝐻2 𝑂
𝑘𝑔

II.

Gas phase hydrolysis [32]:

𝑇𝑖(𝑂𝐶3 𝐻7 )4 + 2𝐻2 𝑂 → 𝑇𝑖𝑂2 + 4𝐶3 𝐻7 (𝑂𝐻)
𝑘ℎ

III.

(1.1)

(1.2)

Gas phase and surface thermal decomposition of TTIP is predicted as follows [33]:

𝑇𝑖(𝑂𝐶3 𝐻7 )4(𝑔𝑎𝑠) → 𝑇𝑖𝑂2 + 4𝐶3 𝐻6 + 2𝐻2 𝑂

(1.3)

𝑇𝑖(𝑂𝐶3 𝐻7 )4(𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ) → 𝑇𝑖𝑂2 + ⋯

(1.4)

𝑘𝑔

𝑘𝑠

Where the overall kinetics of decomposition are k TiO2 =k g+ksAρg . The actual surface
kinetics of TTIP decomposition are highly dependent on experimental conditions. For flame
synthesis, hydrolysis reactions (case II) are near instantaneous when compared to pure thermal
decomposition and is the dominant method of TTIP decomposition. Shmakov et al. [28]
performed the most detailed study in this regard for hydrogen flames and was able identify a
more detailed reaction scheme (Figure 1.4). Based on newly measured experimental data, a
newly proposed bimolecular rate constant was also proposed to be k =2 X 1012 exp ((-12.2
kcal/mol)/RT) mol-1 s-1 .
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Figure 1.4: Transformation reactions of TTIP to TiO 2 in a Hydrogen flame [28].

Similar studies for TEOS decomposition have been performed. For TEOS decomposition,
kinetic models have been based on the simplified pathways:
𝑆𝑖(𝑂𝐶2 𝐻5 )4(𝑔𝑎𝑠) + 𝑂2 → 𝑆𝑖𝑂2 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑘𝑔

(1.5)

Where measurements have yielded kinetic rate constants of kg =3.4e11 exp(-1304 K/T) cm-1 . In
the case of a diffusion flame [34], characteristics of silica generation from TEOS was measured
for various flame conditions based on the following mechanism:
𝑆𝑖(𝑂𝐶2 𝐻5 )4(𝑔𝑎𝑠) + 12𝑂2 → 𝑆𝑖𝑂2 + 8𝐶𝑂2 + 10 𝐻2 𝑂
𝑘𝑔

(1.6)

More recently, comprehensive models have been generated through tracking elemental fluxes
and sensitivity analyses [35]. Challenges still remain for applying such models to flame systems
where hydrolysis reactions and other decomposition mechanisms may take place.
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1.7

Charging in flames
One of the most important aspects of studying the initial stages of particle formation is

the ability to charge aerosols below 2nm. In conventional studies using particle size distributions,
a size dependent, steady state charge fraction is assumed for proper data inversion. Such charge
fractions are believed to be generated through ion particle collisions from bipolar ions generated
either through a charge conditioner such as a radioactive neutralizer. However such assumptions
may not be appropriate for combustion synthesis due to the transient nature of flames. As
particles nucleate in flames, the high concentrations of ions, rapidly evolving kinetics of
precursor decomposition, and high temperature can result in different charging mechanisms as
seen in conventional systems.

The main mechanisms of charging include diffusion charging, photoionization, thermoionization,
and chemi-ionization [36]. The earliest calculation of charge distributions were based on either
the Bolzmann distribution [37, 38], or the Fuchs theory of charging[39]. The Boltzmann charge
distribution is presented as a function of the particle diameter (dp ), number of elementary charges
(p) and temperature (T):

𝑓(𝑝, 𝑑𝑝 ) =

2𝑒
√𝜋𝑑𝑝 𝑘𝑇

𝑒𝑥𝑝 [−

𝑝𝑒2
𝑑𝑝 𝑘𝑇

]

(1.7)

where f(p,dp ) is the size dependent charge fraction, e is the charge of a single electron, and k is
the Boltzmann factor.

The Wiedensholer approximation, which is based on the Fuchs theory of charging, is the
most widely used method for data inversion in particle size distribution measurements [40].
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However these approximations require fixed input parameters for the ion mobility and mass for
positive ions and negative ions which may change with regards to the system. Significant
correction factors and improvements on Fuchs theory have further been proposed with improved
accuracies [41-43], while recent measurements comparing different aerosol diffusion chargers
and revealed differences in charge fractions ranging from 4% up to 18% [44]. Up to this point it
is clear that particle charging in the free molecular and transition regime is highly system
specific while any data for charge fractions below 2nm is lacking. To this date, there has yet to
be a consensus on the correct mechanisms of particle charging below 10 nm.

1.8

Sub 2nm cluster classification and mobility
Electrostatic classification relies on the ability to add a known charge on an aerosol to

measure the drag force in a known electric field [45]. A balance between the drag force and the
electrical mobility yields the electrical mobility equivalent diameter which can be calculated
based on mobility-size relations, commonly referred to as the Stokes-Millikan equation. Below
2nm however, this relationship no longer holds as the cluster charge and shape can affect particle
interactions with the background gas molecules thus altering the drag force estimations. In the
continuum regime the drag force is well established to be exhibit hard sphere elastic scattering.
As the cluster size transitions to the free molecular limit (Kn>>1), two main effects will alter the
drag force[46]. First, the transition from diffuse scattering to elastic-specular collisions will
cause an increase in mobility. Second, polarization effects with neutral gas molecules decrease
the mobility as particle size decreases. The inability in using Stokes-Millikan below 2nm arises
from the size dependence complexities of these two effects.
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A common method of estimation for particle diameter is through bulk physical
parameters, the particle diameter based on its mass (mp ) can be estimated from the bulk density
assuming a spherical morphology:

3 6𝑚

𝑑𝑚 = √ 𝑝
𝜋𝜌

(1.8)

where m p is the particle mass and ρ is the bulk density. Equation 1.8 is commonly used to
calculate monomer size, for example TiO 2 monomers would have a mass diameter of 0.4nm.
However, experimental mass mobility measurements often yield different mobility diameters.
Evidently, macroscopic parameters such as the bulk density ρ may not be accurate in the sub
2nm regime due to changes in the lattice constant and void fractions [47]. In the free molecular
limit, where the particle size is similar to that of the background gas molecule, further definitions
such as the collision cross section and Van der Waals radius can be used to define the particle
diameter. Below 2nm, the physical particle size is difficult to measure as an assumption of a
spherical morphology may no longer hold, thus this work will focus primarily on equivalent
mobility diameter. Particle size determination based on electrical mobility is commonly utilized
since the electrical mobility is a measureable quantity for real time particle size detection.

Mobility of clusters and ions

A brief overview regarding the mobility of clusters and ions below 2nm will be given in
the following section. The mobility (Z) is a measureable parameter and is most commonly
defined with respect to a particle size where Z=F(dp ). The mobility diameter is often determined
through an inverse function d=F-1 (dp ). Mechanical mobility (B) and electrical mobility are
14

interchangeable by the relation Zp =qB where q is the particle charge and Zp is the electrical
mobility Depending on the size of the particle in relation to the gas particle diameter, particle
transport can be classified can be classified based upon the Knudsen number which is defined as
2λ/(dp +dg ) where λ is the mean free path of air. Three main classifica tions are the free molecule
(kinetic) regime (Kn>>1), transition regime (Kn ~.01-10), and continuum regime (Kn<<1). In
the continuum regime, the mobility can be expressed as the classical Stokes Millikan equation:

𝑍=

𝑞𝐶
3𝜋𝜇𝑑𝑝

(1.9a)

where q=ze represents the particle charge. C is the Cunningham slip correction factor and can be
represented in the general form:

𝐶 = 1 + 𝐾𝑛(𝑎 + 𝑏𝑒 −𝑐/𝐾𝑛 )

(1.9b)

Where a, b, and c are constants determined through interpolation for limiting forms of Z. For
macroscopic particles in the continuum regime, C is effectively unity beyond a certain size
range. For particles in the transition and free molecular regime, values of a, b and c have been
proposed as 1.257, 0.4, and 1.1 respectively although different values have been reported
depending on the authors [48-50].

Equation 1.9 is primarily empirical and experience many issues below 2nm as the particle
size approaches the free molecular limit. Equation 1.9 is unable to take into account the finite
diameter of a gas molecule (dg ) and cannot take into account polarization effects. Furthermore
collisions between the particle and gas molecules transition from inelastic to elastic. In the free
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molecular regime (Kn<<1), more fundamental expressions have been derived for hard sphere
collisions using Chapmann-Enskog theory using the kinetic theory of gases.

𝑍𝐹𝑀 =

3(2𝜋) −1/2 𝑞(𝑘𝑇/𝑚𝑔 )1/2

(1.10a)

2(1+𝛼𝜋/8) 𝑝(𝑑𝑚 +𝑑𝑔 )2

Where k is the Boltzmann constant, mg is the mass of the background gas, and p is the pressure α
is the accommodation coefficient, and T is the temperature. A modified form of equation 1.10a
can also be used to relate the collision cross section (Ω) and mobility:

𝑍𝐹𝑀 =

1/2
3 𝑧𝑒(2𝜋𝑘𝑇 /𝑚𝑔 )
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𝑝

(1 +

𝑚𝑔 1/2 1
𝑚

)

Ω

(1.10b)

In the free molecular limit, simple expressions assuming geometrical cross sections for 𝛺 can be
used.

As the particle is much larger than atomic dimensions yet much smaller than the gas
mean free path, λ, an accommodation coefficient must be introduced to account for the fact that
gas molecule collisions will begin to exhibit diffuse scattering. In the free molecular regime
where collisions are elastic, α is assumed to be unity. The accommodation coefficient represents
the fraction of the gas molecules that scatter diffusely, thus when the particle diameter is beyond
the free molecular limit but still significantly lower than the gas mean free path, a value 0.441 is
calculated from 3(2π)-1/2 /2(1+απ/8) by taking α to be 0.91. The resulting expression from
equation 1.3 below 2nm becomes [47, 51]:

𝑍 = 0.441

𝑞(𝑘𝑇/𝑚𝑔 ) 1/2
𝑝𝑑𝑝 2
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(1.10c)

Recent ab initio approaches have further confirmed the value of α demonstrating that
approximately 91% of collisions between gas molecules and particles are diffuse while the other
9% are specular [52].

The above expressions have limitations being unable to account for polarization effects
and the finite mass of gas molecules. An improved expression for particle mobility with was
generated by Tammet by combining the Millikan Fuchs formula with Langevin type dependency
for the particle mobility Zp [48]:

𝛿

𝜆
𝛿

−𝑐
1+ [𝑎 +𝑏𝑒 𝜆 ]

𝑍𝑝 = 𝑓1 𝑓2

(1.11a)

6𝜋𝜂𝛿

𝑚

𝑓1 = √1 + 𝑔
𝑚

(1.11b)

𝑝

𝑓2 =

2.25
(1.1)∗

(𝑎+𝑏)(Ω∞−4 +𝑠1 −1)

(1.11c)

The factor f 1 takes into account for mass dependency of the Langevin type which depend on the
mass of the gas molecule (mg ) and particle mass (mp ) . The factor f 2 takes into account inelastic
collisions with polarization interaction and depends on slip factor coefficients a, b, and s 1 .the
(1.1)∗

collision integral is 𝛺∞−4 . From equation 1.11, [48] demonstrated that below 1.4nm, particles
can be considered clusters or molecules while equation 1.5 fits well in the range of 0.6-1.4nm.
Equation 1.11 is the first attempt to capture the transition from stable clusters to molecular states
however this equation has only been examined in detail for one type of aerosol and has not been
verified experimentally in great detail for various other aerosol types.
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In recent DMA-Mass spectrometry studies, a hybrid approach has been taken to account
for the finite diameter of a gas molecule [53]. The mobility based particle diameter can be
calculated by measuring the electrical mobility Z(dp ) and is calculated using the Stokes-Millikan
law:

√1+

𝑍𝑝
𝑚𝑔

(𝑑𝑚 +𝑑𝑔 )

3𝜋𝜇

⁄𝑚
𝑝

= 𝑍𝑝∗ = [ 𝑞𝑒

1+𝐾𝑛(1.257+0.4𝑒𝑥𝑝 (−1.1/𝐾𝑛)

]

(1.12)

Where q is the cluster charge, dm and dg are the mass diameter and respectively. The factor
(1+m g /m p )- 1/2 is introduced to account for the mass of two body collisions.

Equation 1.12 has

been utilized for tandem mass spectrometry studies of sub 3nm ionic clusters and have found that
for singly charged clusters of 7-41 ion pairs, there is an excellent agreement when the volume
diameter is increased by 0.3 nm while for smaller ion pairs, ion dipole interactions cause
deviation up to 14.3% [47] . It should be noted that equation 1.5 and 1.2 are the same except for
the addition of the correction factor (1+mg /m p )1/2 and augmented particle diameter dp = dm +dg .
Although equation 1.12 has been demonstrated to be surprisingly accurate, discrepancies still
exist since it ignores polarization effects. Equation 1.12 remains a good approximation but
cannot be used to infer cluster structure. Much work remains for a truly accurate prediction of
sub 2nm cluster mobility. A more precise numerical expression along with further experimental
validation is required.

Up to this point, experimental validation of sub 2nm relationships has been done only for
limited types of aerosols such as organic molecules, liquid ionic nanodrops, and atmospheric
ions. The most recent measurements have revealed that mass mobility relationships in this
regime is system specific and material dependent [54].
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1.9 Approach
The goal of this thesis is to study and elucidate the mechanisms of the initial stages of particle
formation during the combustion synthesis of nanomaterials through three perspectives:

1) Measurement of cluster formation mechanisms in flame aerosol reactors
2) The role of ions and charging during the measurement of cluster formation during
combustion synthesis
3) Applications of combustion synthesis towards doped nanostructured thin films for
transparent conducting oxide applications
The next 5 chapters of this dissertation will focus on the initial stages of particle
formation the context of these perspectives beginning with the ability to measure sub 2nm
clusters in flame aerosol reactors using high resolution differential mobility analyzers (Chapter
2). Insight from these initial measurements are then further extended towards more detailed
measurements for the size resolved chemistry of particle formation below 2nm using tandem ion
mobility mass spectrometry both for single component (Chapter 3) and multicomponent cluster
formation mechanisms (Chapter 4). Since a flame can essentially be described as a high
temperature flowing plasma, the role of ions both during measurement and during particle
formation for flame aerosol reactors is studied (Chapter 5). Knowledge from previous sections
will be applied towards the synthesis of niobium doped TiO 2 thin films for TCO applications
(Chapter 6). Finally the Appendix presents further details on the experimental setups used and
data that was not included in the previous chapters (Appendix I), an additional first author
publication on particle formation from biomass pyrolysis (Appendix II), and a curriculum vitae
(Appendix III).
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2. Measurement of Sub 2 nm Clusters of Pristine and
Composite Metal Oxides during Nanomaterials
Synthesis in Flame Aerosol Reactors
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2. 1 Abstract
Measuring stable clusters to understand particle inception will aid the synthesis of wellcontrolled nanoparticles via gas-phase aerosol routes. Using a Half Mini differential mobility
analyzer (DMA), the presence of monomers, dimers, trimers and tetramers were detected for the
first time in a flame aerosol reactor during the synthesis of pristine TiO 2 and TiO 2 /SiO 2
nanocomposites. Atomic force microscopy (AFM) confirmed the presence and the size of sub 2
nm clusters. The detection of these clusters elucidated the initial stages of particle formation
during combustion synthesis and supported previous hypothesis that collisional growth from
stable monomers of metal oxides are the first steps to particle growth.
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2.2 Introduction
Recent advances in materials synthesis and design have focused on scalable schemes through
aerosol routes [1, 2]. Among these schemes, flame aerosol synthesis is a dominant method for the
production of nanoparticles such as titanium dioxide (6 Mtons/yr), carbon black (1.5 Mtons/yr),
and fumed silica (50 ktons/yr). To extend this methodology to synthesize advanced materials for
applications such as catalysis [3], batteries, and photovoltaic systems [4]. A greater degree of
precision and control is essential. As we lack a fundamental understanding of particle inception
and growth mechanisms, our ability to control process parameters is limited.

In addition,

challenges in studying flame aerosol reactors arise from the fact that particle formation occurs at
extremely high temperatures and short length and times scales. A direct measurement of clusters
below 2nm, hitherto not done before, will help improve our understanding and address these
limitations [5, 6].
Oxide nanoparticles in flames are conjectured to be formed by the oxidation/decomposition of
a precursor which results in the formation of molecules that are assumed to be stable clusters. A
simple first order precursor decomposition rate [7-9] is often used to determine the rate of
formation of these clusters. Following this initial formation rate, particle growth by collis io n
mechanisms has been proposed [10, 11]. Recently, molecular modeling approaches have also been
used to outline the pathways of cluster growth [12, 13]. In addition to single component oxides,
doped and composite oxides are often synthesized for a variety of applications [14, 15]. The
presence of multiple components resulting in composite oxide formation further complicates the
understanding of the synthesis process. Real time measurements of particle size based on electrical
mobility is the most commonly utilized characterization method however limitations in the DMA
design has constrained the ability to classify particles below 2nm [16, 17]. In this technique, a
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quantitative size distribution at a given sampling point is measured by extracting a sample from
the reactor and measuring the electrical mobility of the sampled aerosol nanopartic les.
Alternatively, there have been studies on measuring the concentrations of gas phase products from
precursor decomposition (e.g. by LIF [18-20]), however, real time particle measurements using
this technique have been limited to sizes greater than 5 nm. Time-resolved laser-induced
incandescence has also been used for in-situ real time particle measurements during combustion
synthesis [21, 22]. This technique has been applied towards the synthesis of iron nanopartic les
[23], titania nanoparticles [24], soot [25], and carbon blacks [26] but it has shown similar
limitations in size measurements. Thus, there is a gap in the measurement of the smallest stable
clusters between the molecular species (by mass spectrometry [27]) and larger particles (by real
time mobility instruments [28]). The direct measurement of clusters in this gap will aid in the
verification of various proposed pathways and provide data for accurate kinetic estimation of
particle formation rates.
Additional considerations must be taken into account when attempting to measure particles
below 2 nm. Below 2 nm, commercially available differential mobility analyzers (DMAs) suffer
from very low resolution due to Brownian broadening and flow instabilities[29-31].

Recent

advances in DMAs have allowed for detailed analyses of the size, mobility, and mass of sub 3 nm
particles [32, 33].

High flow DMAs have already been applied successfully to studying

atmospheric nucleation [34] and sub 3 nm cluster mobility and mass [35-37]. A Half Mini DMA
is an example of such an instrument that was developed by de la Mora and Kozlowski [38].
However, no size measurements of small clusters have been made during a nanoparticle synthesis
process.
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In this study we characterized sub 2 nm clusters during the synthesis of pristine and
multicomponent TiO2 in a premixed flame reactor using a Half Mini DMA.

Cluster size

distributions in flame aerosol reactors were measured using the Half Mini DMA and then verified
by atomic force microscopy (AFM) size measurements. Process parameters such as feed rate and
height above the burner head were varied to examine the evolution of discrete size distributio ns
and presence of ions. We examined how the addition of dopants affects the mechanisms of metal
oxide nanoparticle inception. To the best of our knowledge, our study is the first attempt to
demonstrate the existence of stable clusters during combustion synthesis and provides new
understanding on cluster formation.
2. 3 Experimental Methods
2.3.1

Synthesis of TiO2 in a Flat Flame Aerosol Reactor
Titanium dioxide nanoparticles were synthesized in a premixed methane-air flat flame

aerosol reactor (Figure 2.1a). Premixed methane-air flat flames have been used successfully to
generate ultrafine aerosols and serve as a model for more complex hydrocarbon flames [39]. The
flame geometry is a radially uniform thin flame sheet stabilized over a 1” burner head which
consisted of a honey comb nozzle mounted on 1/8” diameter stainless steel balls. The various gases
were premixed prior to entering the burner head, with the methane and oxygen flow rates set at
0.89 and 2.00 lpm, respectively, while the nitrogen flow rate was controlled so that the flow
velocity in the burner head was enough to stabilize the flame. In this study, the total nitrogen flow
was maintained at 6.0 lpm. Gas flow rates were controlled using mass flow controllers (MKS
Instruments).
Organometallic precursors were introduced into the premixed flame by bubbling nitrogen
through a sealed bubbler (MDC Vacuum Products) containing titanium(IV) isopropoxide (TTIP
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Figure 2.1: (a) Flat flame Aerosol Reactor used for the synthesis of pristine and TiO 2 /SiO 2
nanocomposites with a schematic diagram of the initial stages of particle formation during combustion
synthesis. Collisional growth mechanisms from stable monomers to clusters (highlighted) have yet to
be established. (b) Experimental setup of Half Mini DMA operated under closed loop conditions for
measurement of sub 2 nm cluster size distributions.

,97%, Sigma Aldrich) or tetraethylorthosilicate (TEOS, 99%, Sigma Aldrich) and fed to the
premixed flame.

The tubing leading up to the burner head was wrapped with heating tape to

prevent precursor condensation. The molar feed rate of the precursor was calculated using the
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feed gas flow rates and vapor pressure data from Siefering and Griffin [40] for TTIP and Jang[41]
for TEOS.

2.3.2

Utilization of a Half Mini DMA for Online Measurement of Sub 2 nm Clusters
Flame generated nanoparticles were measured directly above the flame using a venturi

sampling probe with a temperature adjusted dilution ratio of 120:1. The dilution gas used was
particle free, oil free, dry compressed air with a temperature of 298K. The sample aerosol was
then injected into the Half Mini DMA at 8 lpm while excess flow was exhausted. Stainless steel
sampling lines were used to ensure no contamination, and the tubing length between the sampling
probe outlet and DMA inlet was kept at 10 cm to minimize particle diffusion losses.
Cluster size distributions were measured using the Half Mini DMA (Figure 2.1b). Design
considerations, calibration, and the operation of high resolution DMAs have been reported by de
la Mora and Kozlowski [38]. The configuration of the Half Mini DMA model used in this study
had a classification length of 4 mm with an inner and outer radius of 4 mm and 6 mm respectively.
The Half Mini DMA was run under a closed loop configuration using filtered room air as the
sheath gas at an approximate sheath flow rate of 200 lpm using a DC brushless motor (Domel).
Sheath air flow rates were measured before and after each experimental run by electrospray
calibration using a 200 μM tetraheptylammonium bromide (THABr, 99.9%, Sigma Aldric h)
solution diluted in methanol [30, 42]. An inline radiator and HEPA filter was used to cool the
sheath flow and remove unclassified nanoparticles.

A high voltage power supply (Applied

Kilovolts) using a ± 0-10 V control signal was used to control the DMA voltage from 0-5 kV with
both positive and negative polarity. The concentration of classified particles was detected using a
Faraday cup electrometer. The sample aerosol flow was controlled using a mass flow controller
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(MKS Instruments) downstream from the Faraday cup electrometer. Data acquisition and control
was performed using a data acquisition system (Data Translation Inc.) and LabView (National
Instruments Corporation).

2.3.3 Atomic Force Microscopy of Sub 2 nm TiO2 clusters
To verify the cluster size distributions measured by the Half Mini DMA, in situ
thermophoretic sampling onto single crystal silicon wafers was conducted. The substrates were
rapidly passed 5 times through the flame approximately 25 mm above the burner head to allow for
rapid thermophoretic collection onto the cold substrate [6].

Using an AFM (Nanoscope V

Multimode, Veeco), height, amplitude and phase contrast images were captured in air under
ambient conditions in the tapping mode. The AFM probes, 125 µm in length, were made of
phosphorus (n) doped silicon tips with a nominal tip radius of 10 nm (MPP-11100-10, Bruker
probes).

The images were collected with drive frequencies of 312–320 kHz, typical spring

constants of 20–80 N/m, scan sizes of 2 µm × 2 µm, and scan rates of around 0.8 – 1.0 Hz.

2.3.4 Electrical Mobility of Sub 2 nm Clusters
Using the measured cluster electrical mobility, the species was inferred by calculating
equivalent mobility diameters and mass. Below 2 nm, the relationship between a particle’s drag
force and size is different than the relationship in the continuum regime [43]. In the continuum
regime, aerosol mobility may be described using the Stokes-Millikan relationship as a function of
the particle diameter and the particle charge. However, as the cluster size further decreases
towards molecular dimensions, charged cluster and dipole interactions along with the presence of
diffuse collisions can significantly increase the mobility [44]. In this work, the equivalent mobility
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diameter (dp ) of charged clusters was calculated using the curve fitted Stokes-Millikan law
provided by Mäkelä et al. (equation 2.1, [45]). Furthermore, the mass equivalent particle diameter
(dm ) was calculated by adding a gas molecule diameter (dg ) of 0.3 nm thus replacing dp with dm +dg.
Since the bulk density of TiO 2 cannot be used to infer the particle diameter in this size range; the
mobility (Z) of TiO 2 molecular clusters was calculated using the mass (m) based empirica l
correlations presented by Mäkelä et al [46].:
𝑍 = 4.33317𝑚−0.0376 𝑒𝑥𝑝[−0.0347𝑙𝑛2 (𝑚)]

(2.1)

The calculated inverse mobility (1/Z, Vs/cm2 ) of the TiO 2 and SiO 2 monomers, dimers, and trimers
based on this expression are listed in Table 2.1 for comparison with the measured inverse
mobilities.

Table 2.1: The inverse mobility for TiO 2 and SiO 2 clusters determined using 2 methods. The
calculated inverse mobility is based on empirical mass-mobility correlations[46] for clusters
carrying a unit charge. The equivalent mass diameter was calculated from the measured cluster
mobility using the curve fitted Stokes-Millikan relationship[45] and adjusting the particle diameter
by subtracting an effective gas molecule diameter of 0.3 nm.
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2.3.5 Experimental Plan
To understand cluster growth mechanisms, we measured sub 2nm size distributions in
flame aerosol reactors and their concentrations for different process parameters. A list of the
experiments performed is summarized in Table 2.1. Measurements of positive and negative cluster
size distributions were made for Tests 1-7. The effect of precursor concentration was studied by
varying the precursor feed rates (Tests 1-4). The effect of residence time was studied by sampling
at various heights above the burner head at a fixed feed rate (Tests 5-7). Finally, cluster formatio n
for mixed oxides was studied by comparing pristine TiO 2 and nanocomposite TiO 2 /SiO 2 synthesis
(Tests 8 and 9).

Table 2.2: List of experimental parameters for measuring charged clusters. A flat flame aerosol
reactor was used for combustion synthesis of pristine and nanocomposite TiO 2 /SiO 2 and charged
clusters were measured using a Half Mini DMA.

1
2
3
4
5
6
7

TTIP
Feed
Rate
(mmol/hr)
0.066
0.2
0.33
0.66
0.2
0.2
0.2

TEOS
Feed
Rate
(mmol/hr)
0
0
0
0
0
0
0

8

0

0.11

25

9

0.33

0.11

25

Test
Number
Effect of
Precursor Feed
Rate
Effect
Sampling
Height
Nanocomposite
Synthesis
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Sampling
Height
(mm)
25
25
25
25
3.5
32
42

2.4 Results and Discussion
To obtain background measurements, the presence of charged ions in a methane-air flat
flame using the Half Mini DMA without the addition of precursors was measured. Figure 2.2
displays the number concentration of charged clusters plotted as a function of the signal intensity
(A.U.) on the y-axis with respect to the inverse mobility (1/Z, Vs/cm2 ) on the x-axis. Two
characteristic peaks can be seen for positive ions, with an inverse mobility of 0.48 Vs/cm2 and
0.51 Vs/cm2 . Similarly, two mobility peaks for negative ions are observed at 0.48 and 0.54
Vs/cm2 . The presence of these ions in the flame environment will affect both the chemical
pathways of precursor decomposition and the charging mechanisms for nanoparticles, thereby
affecting particle inception and growth. More specifically, the presence of ions may promote
particle formation as it is well known that the presence of ions can significantly lower the free
energy of cluster formation due to electrostatic interactions [47].

Figure 2.2: Measurements of sub 2 nm cluster size distributions in a blank methane-air flat
flame sampled 3.5 mm above the burner head using the Half Mini DMA for positively charged
(−) and negatively charged (---) ions.
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2.4.1 Single Component Nanoparticle Synthesis
Upon the addition of either TTIP or TEOS precursors in the flat flame, new distinct
clusters were detected (See Figure 2.3). The emergence of these new peaks implies that they are
charged clusters of TiO 2 and SiO 2 molecules in the flame. These clusters can be assumed to be
singly charged because in flat flames, diffusion charging is the dominant charging mechanism
[48]. These peaks are more characteristic of discrete size distributions and support the notion of
single molecules acting as stable nuclei for particle inception and growth in the formation of
metal oxide nanoparticles. Scans of positive ions and negative ions in the Half Mini DMA show
that the concentration of positively charged clusters is much higher than that of negatively
charged clusters; this implies that positively charged TiO 2 and SiO 2 clusters may play a
significant role in the overall particle formation process. Higher concentrations of positively
charged clusters indicate that thermionic charging mechanisms may also contribute to particle
charging [49]. As seen in Figure 2.3b, many types of stable clusters are present during SiO 2
cluster formation, indicating the presence of stable intermedia te species such as partially
oxidized silicon oxides. In addition, OH attachment has been shown to be significant during the
cluster formation of SiO 2 from TEOS decomposition showing the importance of Si(OH)4
monomers [50]. Ours is the first real-time online experimental evidence demonstrating the
presence of stable clusters during the initial stages of particle growth. Atomic force microscopy
was used to measure the physical cluster size to allow for comparisons with mobility equivalent
diameter. Figure 2.4 shows AFM images and their analyses for flame generated clusters
deposited on single crystalline Si wafers for experimental test number 1 (Table 2.1). Because
these clusters were deposited thermophoretically, both charged and uncharged species were
measured.
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Figure 2.3: (a) TiO 2 cluster size distribution measurements at a height of 25 mm above the
burner head with a TTIP precursor feed rate of 0.20 mmol/hr for positively charged ( − ) and
negatively charged (---) particles; (b) SiO 2 cluster size distribution measurements at a height of
25 mm above the burner head with a TEOS precursor feed rate of 0.25 mmol/hr for positively
charged (−) and negatively charged (---) nanoparticles.
Figures 2.4a and 2.4c show the AFM-height and AFM-phase images. The AFM-height images
(Figure 2.4a) were used for the measurement of physical particle size while the phase plots
(Figure 4b) were used to distinguish mechanical properties due to different phase of particles
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from the Si substrate surface [51]. Resulting particle sizes are summarized in a histogram plot
(Figure 2.4b) where the size of more than 100 randomly chosen clusters was measured. These
results provide further evidence that sub 2 nm clusters are present for combustion synthesis of
nanoparticles. From the sample of particles, the cluster sizes ranged from 0.5-5.03 nm. However
very few clusters were larger than 2 nm. By comparing Figure 2.4d to cluster size distribution
scans (Figure 2.3a) it could be seen that a high concentration of sub 2 nm clusters exist in both
cases while the highest concentrations exist at 1nm. Because the surface roughness of the
substrate was approximately 0.3 nm, AFM measurements were limited to particle sizes down to
0.5 nm below which the signal is similar to noise level.

Figure 2.4: (a) AFM image of TiO 2 clusters for substrate surface topography. (b) The
corresponding height profile taken across the white dotted line is given below. (c) The AFM-phase
image shows the Si wafer surface as the darker color and the TiO 2 clusters as the lighter color
providing evidence of cluster formation. (d) The particle size distribution of over 100 particles is
given below the AFM-height image.
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Figure 2.5: Overall trends of measured TiO 2 cluster number concentrations presented as signal
intensity on the y-axis (A.U.) with respect to the TTIP precursor feed rate for positively charged
clusters on the x-axis (mmol/hr) measured in a methane-air flat flame reactor at a height of 3.5
mm above the burner head.

2.4.2 Effect of Precursor Feed Rate
To illustrate the kinetics of cluster formation, the precursor concentration was varied in
the flame aerosol reactor. In Figure 2.5, the effect of four different precursor feed rates for TTIP
ranging from 0.022 mmol/hr to 0.22 mmol/hr on particle number concentration of different
clusters are compared. As the feed rate is increased, the relative heights of positively charged
TiO2 peaks change. Most notably the rapid decrease in the height of the monomer peak (0.526
Vs/cm2 ) implies that these particles were being rapidly consumed at a higher rate due to
collisional growth mechanisms. Using equation 2.1, the atomic mass of the respective clusters
was estimated (Table 2.2). From the five distinct peaks in Figure 2.3b-2.3d, the average atomic
mass in Daltons can be estimated as 79.07, 172.98, 247.36, and 311.67 for peaks 1-4,
respectively. Comparing these values to the mass of TiO 2 clusters, we find that they correspond
39

to a calculated difference of 1.01%, 8.30%, 3.24%, and 2.44% for peaks 1-4. The measured
electrical mobility of these clusters and their estimated size provides further support that these
ion peaks are monomers, dimers, and trimers of TiO 2 .

Figure 2.6: Effect of residence time for (a) positively charged (b) and negatively charged TiO 2
cluster number concentrations represented as signal intensity on the y-axis (A.U.) and height above
the burner head (mm) on the x-axis for a fixed precursor feed rate of 0.33 mmol/hr.
2.4.3 Effect of Sampling Height
To understand both the kinetics of particle formation and the role of clusters, the effect of
sampling height above the burner head was examined (Figure 2.6). The residence time in the flame
aerosol reactor was approximately 0.1-3 ms depending on the sampling height, while the
characteristic reaction time for TTIP was approximately 3 ms [52]. Because the residence time
and characteristic reaction times were on the same order of magnitude, stable clusters were
detected. The concentration of monomers, dimers, and trimers changed with increasing height;
most notably, the concentration of all three clusters decreased. This decrease demonstrates that
initially, stable primary clusters of TiO 2 were being formed and then consumed as the reaction
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proceeds. The concentration of TiO 2 monomers decreased much more dramatically than that of
the dimer and trimer peaks, indicating a scavenging of monomers through cluster collisions.

2.4.4 Synthesis of Multicomponent TiO2 /SiO2 Nanocomposites
Mechanisms of nanocomposite formation in flames were studied by introducing multip le
precursors into the flame aerosol reactor. Using TTIP and TEOS as precursors, we synthesized
mixed oxide nanocomposites of TiO 2 and SiO 2 (Figure 2.7) at a molar ratio of 1:3 to elucidate the
mechanisms of multicomponent nanoparticle inception.
from multicomponent SiO 2 /TiO 2 mixtures.

Figure 2.7 displays the resulting scans

Comparing the resulting scans for pristine TiO 2 ,

several peak shifts are observed, while other characteristic peaks also emerge. These peaks are
hypothesized to be stable clusters of mixed oxides. Although the exact composition of these
clusters is not known, it is clear that they consist of various combinations of SiO 2 and TiO 2

Figure 2.7: Cluster size distribution measurements 25 mm above the burner head in a flame

aerosol reactor comparing the flame synthesis of pristine TiO 2 (---) and TiO2 doped with
SiO2 (−) at a molar ratio of 3:1.
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monomers and dimers, suggesting that stable clusters of mixed oxides will begin to form
immediately.

Of the several pathways hypothesized previously by Ehrman et al. [53], radical

driven pathways appear to dominate at the initial stages. As these mixed oxides begin to grow in
size, they may begin to coalesce and form stable particles, while phase segregation will occur
within the particle via liquid or solid state diffusion [54].

2.5 Conclusions
In summary, for the first time, the presence of stable clusters below 2 nm during the flame
synthesis of pristine and multicomponent TiO 2 and SiO 2 was measured. Using a high resolutio n,
high flow, Half Mini DMA, natively charged clusters during the flame synthesis of pristine and
doped TiO 2 were detected. This was verified by an AFM measurement of deposited TiO 2 clusters.
During the flame synthesis of pristine TiO 2 distinct peaks corresponding to monomers, dimers,
trimers, and tetramers were detected. With an increase in residence time in the flame, the
concentration of these clusters decreased due to collisional growth. When multiple precursors,
mixed oxides begin to form at the very initial stages of cluster formation. Further work would
include characterizing the fraction of charged and uncharged nanoparticles along with the
implementation of a DMA-Mass spectrometry system to characterize the mass mobility relations
for metal oxide clusters.
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3. Cluster Formation Mechanisms of Titanium Dioxide
During Combustion Synthesis
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3.1 Abstract
To investigate cluster formation pathways of TiO2 during combustion synthesis we
measured natively charged ions in an atmospheric pressure interface time-of-flight (APi-TOF)
mass spectrometer. Titanium tetraisopropoxide (TTIP) precursor was added to a premixed
methane air flat flame aerosol reactor to synthesize TiO2 nanoparticles. Clusters formed in the
flame were extracted by a Venturi dilution probe and injected into the inlet of the APi-TOF.
Previous studies have assumed a conversion from TTIP to TiO2 monomers through thermal
decomposition, hydrolysis, or high temperature oxidation reactions. More recent studies have been
able to identify stable intermediates of Ti-containing monomers, most commonly Ti(OH)4 .
However, no larger Ti cluster formation mechanisms or interactions between these monomers have
been tracked. Results from measured mass spectra and mass defect plots show that for positive ly
charged clusters, oxidation of higher molecular weight metalorganic species occurs during
clustering of larger intermediate organometallic species. For negatively charged ions, NOx
formation pathways plays an important mechanism for the formation of TiO 2 .
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3.2 Introduction
We poorly understand the mechanisms of initial particle growth as gaseous precursors
convert to stable clusters. These mechanisms are especially important for the combustion synthesis
of nanoparticles such as TiO 2, which is most commonly manufactured through this route for use
as a photocatalyst, semiconductor, or pigment. Although significant work has focused on
atmospheric nucleation mechanisms, aerosol nucleation and growth in flames occurs at high
temperatures (up to 2400K) and has extremely high rates of production making it difficult to
control. Early stage mechanisms are critical in accurately modeling overall particle growth,
especially for multicomponent systems where such mechanisms remain largely a mystery. It is
well understood that particle growth beyond 2 nm in flames occurs through coagulatio n,
condensation, and sintering. Applications of combustion synthesis to novel materials, such as
battery anodes, catalysts, and solar cells have been difficult to scale up since we still cannot
accurately model particle growth from first principles and must rely on empirical approaches. In
the case of combustion synthesis of metal oxides, calculations based on classical nucleation theory
predict that the critical monomer size is a single monomer of TiO 2 [1]. The validity of this
assumption has yet to be thoroughly tested.

Various approaches have been developed to track particle formation and growth in flames.
For example, laser-induced breakdown spectroscopy (LIBS) is a non-invasive method for in situ
diagnostics both for undoped [2] and doped metal oxide nanomaterials in flames [3] which can
differentiate between particle and gas phase atoms. Fourier transform infrared spectroscopy
(FTIR) has been successfully applied to premixed flames to study the synthesis of iron oxide-silica
composites and compared to aerosol growth models [4, 5]. However, these techniques do not
provide sufficient detail regarding the chemistry of particle formation.
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Molecular beam mass

spectrometry (MBMS) is the most widely used direct sampling technique for mapping the
chemistry and kinetics of hydrocarbon combustion [6] and titanium (IV) isopropoxide (TTIP)
decomposition in hydrogen flames [7], but this technique is unable to provide size resolved
chemistry or track larger cluster formation mechanisms.

Electrical mobility measurements, a well-established method of measuring particle size
distributions, have allowed detailed measurements of particle growth and coagulation. However,
resolution limitations and diffusion losses below 2 nm make the technique unsuitable for tracking
smaller clusters [8]. Significant advances in high resolution (HR) differential mobility analyzers
(DMAs) have allowed measuring and tracking cluster growth during the combustion synthesis of
TiO2 for the first time [9]. HR DMAs have been applied to studying mass-mobility relations hips
below 3nm experimentally [10] along with direct comparisons to computational predictions of
electrical mobility [11]. These techniques can now provide insights into cluster formatio n
mechanisms in flames. Advancements in atmospheric pressure interface time of flight mass
spectrometers (APi-TOF) have allowed for high resolution identification and detection of ions
directly at atmospheric pressure [12], with applications in areas such as the study of studying
sulfuric acid interactions with large oxidized organic molecules [13].

This paper is devoted to understanding the initial stages of metal oxide particle formatio n
in a flat flame aerosol reactor (FFAR), as measured by an APi-TOF. Measurements are taken
through a venturi dilution probe which draws a sample of charged clusters of metal oxides into the
APi-TOF. Hypothesized pathways and cluster formation mechanisms are presented for the first
time on the initial stages of particle formation in the combustion synthesis of TiO 2 .

3.3 Material and Methods
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3.3.1 Flame aerosol reactor
A premixed flat flame aerosol reactor (FFAR) generated clusters of TiO 2 (Figure 3.1). Details
of the FFAR are described in previous work [9]. Briefly, a radially symmetric flat flame was
stabilized over a 1.91 cm diameter honeycomb burner head inside a concentric 2.54 cm diameter
tube which provided a sheath flow of N 2 gas (>99.95%, Linde AG). Gas flow rates for methane
(>99.95%, Linde AG), oxygen (>99.95%, Linde AG), nitrogen carrier gas and TTIP precursor
(Sigma Aldrich Inc., >97%) were metered by mass flow controllers (MKS Instruments). A
stainless steel feed tube from the precursor bubbler was heated to prevent precursor wall
condensation. A sealed glass bubbler (MDC Vacuum Products, LLC) supplied TTIP precursor to
the premixed flame using nitrogen as the carrier gas. The loading rate was calculated based on
relationships from Siefering and Griffin [14]. The precursor molar feed rate ranged from 0.06
mmol/hr to 0.30 mmol/hr. Flow conditions for the FFAR are listed in Table 3.1. All of the gases
were premixed prior to entering the burner head creating a stable flame sheet at the burner-head.

Table 3.1: Properties of the methane-air flat flame aerosol reactor

Property

Value

Methane flow rate

1.0 lpm

Oxygen flow rate

2.85 lpm

Nitrogen flow rate

8.0 lpm

Dilution ratio

120:1

Precursor loading rates

0.07- 0.22 mmol/hr

Flame diameter

19.05 cm
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3.3.2 APi-TOF MS measurements of sub 2nm clusters in a flame aerosol reactor
To quench further chemical reactions and particle growth in the flame, a venture dilutio n
probe using nitrogen as a dilution gas at a dilution ratio of 120:1 (dilution sample flow:sa mp le
flow) was used. Flame –generated clusters were sampled 5mm above the burner head. The dilutio n
flow rate was maintained at 50 lpm by a mass flow controller (MKS Instruments). Natively charged
flame ions and clusters were injected into an APi-TOF mass spectrometer (Tofwerk AG, Thun)
where the inlet flow rate was 0.81 lpm and the excess flow was exhausted. The APi-TOF did not
supply any additional charging, so only natively charged clusters were sampled into the mass
analyzer. This system has very high sensitivity and can measure both positive and negative ions.
The resolving power is 3000 Da/Da (M/ΔM ), with mass accuracy better than 20 ppm with a
detection range of up to 2500 Da. Further details of this instrument can be found in previous
publications [15, 16]. Calibration was performed using NO3− (61.9884 Da), HNO3 NO3− (124.9835
Da) and TiO2 (NO3 )−
3 (265.9012 Da) for negative clusters. Positively charged clusters were
calibrated using NH4+ (18.0344 Da) and Ti(OH)4 H + (116.9662 Da).Data processing was done
using a MATLAB program developed by Junninen et al. [15].

3.3.3 Experimental plan
Table 3.2 presents the experimental plan. Four different tests were performed, starting with
the measurement of background ions in the methane-air flat flame without any precursor (Test 1).
Following Test 1, TTIP precursor was added to the flat flame to measure Ti clusters for both
positively charged ions (Test 2) and negatively charged ions (Test 3). Finally, the effect of loading
rate was studied by adjusting the feed rate of the precursor (Test 4).
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Figure 3.1: Experimental set-up of the flat flame aerosol reactor for measurement of
natively charged clusters in an atmospheric-pressure-interface time-of-flight mass
spectrometer
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Table 3.2: Experimental plan for measuring cluster formation pathways

3.3.4

Test #

Objective

1

Measure background natively charged ions in the
flame

2

Measure positive mass spectra for TTIP

3

Measure negative mass spectra for TTIP

4

Test the effect of loading rate on mass spectra

Reaction mechanisms of TiO2 in flames
Particle formation of TiO 2 from the decomposition of TTIP is assumed to occur through

three possible mechanisms: thermal decomposition, hydrolysis, or oxidation. Although TTIP is a
commonly used precursor for the study of TiO 2 combustion synthesis, detailed chemical
mechanisms of conversion have only recently been explored [7].

The kinetics of thermal

decomposition of TTIP have been measured by Okuyama et al [17]. by assuming the following
first order reaction mechanism:

𝑇𝑖 (𝑂𝐶3 𝐻7 )4 → 𝑇𝑖𝑂2 + 2𝐻2 𝑂 +4𝐶3 𝐻6

(3.1)

By measuring sub 2nm cluster size distributions with a Half-Mini DMA, revised first order
reaction rates were derived assuming the same mechanism [18]. Due to oxygen in methane or
hydrogen flames, TTIP oxidation has also been shown:

𝑇𝑖 (𝑂𝐶3 𝐻7 )4 + 𝑂2 → 𝑇𝑖𝑂2 + 2𝐻2 𝑂 +4𝐶3 𝐻6
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(3.2)

Finally, water in flames results in rapid hydrolysis of TTIP. Hydrolysis has been hypothesized to
be the dominant pathway of TTIP conversion to TiO 2 :

𝑇𝑖 (𝑂𝐶3 𝐻7 )4 + 2𝐻2 𝑂 → 𝑇𝑖𝑂2 +4𝐶3 𝐻7 𝑂𝐻

(3.3)

Molecular beam mass spectrometry (MBMS) in a hydrogen flat flame with TTIP precursor
addition has provided a more detailed conversion mechanism for the hydrolysis of TTIP to TiO 2.
Ti(OH)4 has been shown to be the most stable intermediate byproduct of hydrolysis [19].

3.4 Results and discussion
3.4.1

Background ions measured in methane air premixed combustion
To study background ions in the flame, positively and negatively charged ions were

measured in a premixed fuel lean methane-air flat flame without any precursor addition. The
results are displayed in Figure 3.2. Previous studies of ions in flames have focused on lower
molecular weight species which have undergone further ionization steps (e.g., electron ioniza tio n
or vacuum ultraviolet ionization). Recently, HR-DMAs have been used to measure the mobility
spectra for natively charged flame ions in a fuel-lean methane-air flat flame, however further steps
need to be taken to measure the exact mass of ions [9]. The mass spectra in Figure 3.2 represent
natively charged ions sampled from the flame. The peaks from the positively charged mass
spectrum are mostly organic radicals commonly measured during methane air combustion, for
example, the most prominent peak was measured with an m/z of 124 with probable molecular
composition of C4 H14 O3 N +. In the case of negatively charged species, the ions were identified as
nitrate radicals and nitric acid clusters of NO3−, HNO3 NO3−, and H2 NO3 (NO3− )2 , which are all
generated through the combustion pathways of NO x . NO x is long established as a combustion
pollutant playing an important role in emissions from hydrocarbon flames. Three main pathways
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of combustion induced formation of NO x include fuel-NOx , thermal NO x and prompt NO x [20].
Since the fuel and precursor do not contain any nitrogen species and the flame temperature is on
the order of 1400-1700K, prompt NO x is hypothesized likely the primary mechanism of NOx
formation from collisions of N 2 gas molecules with the high concentration of radicals in the flame.
Similarly, significant concentrations of NO x has also been detected in previous studies for
premixed CH4 /O2 /N2 flames [21].

Figure 3.2: Background ions measured in a flame aerosol reactor for naturally charged positive
(left) and negative (right) ions, with nominal masses of major peaks labeled. For negatively
charged flame clusters, larger peaks were scaled at by multiplying the signal intensity by 20
(20X).

The presence of diverse ion species in flames complicates charging mechanisms as
Previous work in studying ions and particle charging mechanisms in flames has relied on Fuch’s
charging theory [22] or Boltzmann’s charging theory [23], which may be too simplified for
combustion environments. For example, Fuch’s theory assumes a stationary charge state generated
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from ions of a single ion mass and mobility.

The assumed equilibrium charge fraction in

Boltzmann’s theory is also not appropriate for small clusters since it fails to consider the differe nce
between the positive and negative ions. Both theories also fail to account for further ioniza tio n
mechanisms such as chemi-ionization,

thus understanding the role of various charging

mechanisms will be important for understanding clustering interactions in flames.

3.4.2

Titanium dioxide particle formation during combustion synthesis
The addition of TTIP precursor in the flame resulted in the generation of charged titanium

species providing insight into the initial stages of particle formation for TiO 2 during combustion
synthesis. Figure 3.3 displays the mass spectra for negatively charged ions, while Figure 3.4
displays the positive ion spectra. Ti contains five naturally occurring stable isotopes:
47 Ti (9.9%), 48 Ti (73.8%), 49 Ti (7.5%), 50 Ti

46 Ti (10.8%),

(7.3%), allowing for the identification of Ti-containing

clusters through this isotopic pattern. For the negative ion mass spectra, distinct monomer ions
with Ti could be identified as TiO 2 (NO 3 )3 at m/z 266. Additional peaks of TiO 2 with multiple NO3
species attached were also present in the mass spectra, while Ti species with varying levels of
oxidation were also measured in the form of Tin Ox Ny . Peak assignments for negatively charged Ti
clusters, listed in Table 3.3, are a clear indication that flame ions participate in the conversion
reactions from TTIP to TiO 2 , with NO x playing an important role. Here we have provided evidence
for the first time that NO x and Ti species participate in chemical- ionization reactions to form
clusters of TiO 2 .
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Table 3.3: Proposed molecular compositions for identified peaks in a negative mass spectrum

Negatively Charged Clusters
Measured
Molecular Formula Exact Mass
Mass
TiO 8 N2
203.9140
203.914
TiO 9 N2
219.9089
219.908
TiO 10 N2
235.9038
235.903
Ti2 O8 H2 N
239.8745
239.873
TiO 2 (NO 3 )3
265.9012
265.901
Ti2 O11 N
285.8430
285.843
Ti2 O11 CHN
298.8509
298.851
Ti2 O12 N 2
315.8410
315.838
Ti2 O13 N
317.8329
317.830
Ti3 O9 C2 H5 N
330.8403
330.838
Ti3 O11 H4 C2
347.8192
347.819

ppm
-1.67
3.78
3.31
2.45
0.88
1.89
-1.14
10.60
9.12
6.95
9.28

For positively charged ions, protonated clusters in the form of Ti(OH) 4 H+ and Ti(OH)3 H+
were identified in addition to TiO(OH)4 + (Figure 3.4). These were the most prominent monomer
Ti- containing species in the positive mass spectra, which is in agreement with previous literature,
showing titanium hydroxide to be the most stable intermediate from TTIP hydrolysis [19, 24].
Larger peaks could not be identified due to significant isotope overlap and multiple possible
molecular compositions at higher masses. The peak assignments contained many possible organic
species, thus complicating the positive mass spectra and indicating the incomplete decompositio n
of TTIP. Furthermore, these intermediates may have interacted with organic radicals and flame
ions. Previous studies on flame ions have concluded that chemical ionization mechanisms are
important in hydrocarbon flames near the flame sheet and many unburnt hydrocarbons can also
contribute to ionization and charging mechanisms [25].
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Figure 3.3: Negative TTIP spectra at two different precursor feed rates of 0.07 mmol/hr (top)
and 0.15 mmol/hr (bottom). Colored spectra refer to portions of the mass spectra where Signal
intensities were multiplied by 2 (2X), 5 (5X) and 10 (X).
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Beyond 300 Da, periodic humps with distinct cluster isotope patterns become increasingly
prevalent with increasing precursor concentration (Figure 3.4). In this size range, isotopic patterns
characteristic of titanium clusters ions begin to overlap, making the spectra complicated to
interpret. Previous studies using TOF mass analyzers studying pure TiO 2 nanoparticles have
experienced similar issues with peak assignments [26]. Cluster peaks can be grouped together by
their isotope patterns. Each cluster is separated by 14 Da, indicating the abstraction of alkyl groups.
These periodic peak patterns also show that intermediates from TTIP decomposition may also
polymerize or aggregate into larger clusters prior to conversion to pure TiO 2 . In Figure 3.4c,
beyond 300 Da, these patterns resemble organic cluster formation as observed in previous
atmospheric nucleation studies. Organic molecule attachment on the larger Ti clusters further
complicates the assignment of mass spectral peaks. There are two potential sources of such
organics: Methane combustion has the potential to generate a high concentration of organic
radicals, and TTIP is an organometallic precursor with 4 propyl groups attached which can be
removed during incomplete decomposition. Due to the high frequency of collisions with other ions
in the flame region, clustering interactions between Ti-containing intermediates can result in the
larger complex structures in the mass spectrum. Based on the ratios of isotopic peaks to the main
peak, we can hypothesize that the clusters contain multiple titanium atoms. Due to isotope peak
overlap and the multiple combinations of potential compounds at high mass ranges, exact peak
assignments could not be performed, thus mass defect techniques were used to provide further
insight into the mass spectra.
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Figure 3.4: Positively charged clusters during the combustion synthesis of TiO2 at three
different loading rates
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3.4.3

Mass defect plots
Mass defect plots from the positive and negative mass spectra were constructed from

Figure 3.3b and 3.4c to provide another visual basis for analyzing the complex mass spectrum
(Figure 3.5). Here a peaks with a signal higher than 0.25 cps were each assigned a calculated mass
defect and plotted with the mass defect on the y-axis and isotope mass on the x-axis. A mass defect
is defined as the difference between a compound’s exact mass and nominal mass. Plotting the mass
defect allows for visualization of complex mass spectra and has been successfully applied towards
analyzing mass spectra from crude oil [27] and atmospheric organic molecules [13], where similar
repeating peak patterns have been observed. In the case of combustion synthesis of TTIP, the mass
defect plot spans from positive to negative mass defect ranges, which helps identify the class of
compounds in the spectrum. Positive mass defects indicate the presence of organics (e.g. CH 2 has
a mass defect of +0.0156), and negative mass defects indicate oxidized species of titanium clusters
(e.g., TiO 2 has a mass defect of -0.062).

Figure 3.5a displays several distinct bands for positively charged ions, beginning with a
distinct band of ions with positive mass defects. This class of molecules is most likely organic ions
which have been formed either through fragmentation of TTIP or from intermediate generated by
hydrocarbon combustion. The peak spacing in this band is 14 Da, indicating alkylation chemistr y
occurring with these organic species. For the first negative defect band, labeled ‘Cluster 1’, these
species are most likely intermediate organometallic dimers, since eight distinct bands ranging from
m/z 300-450 and spaced by m/z 16 alludes to oxidation processes.

Furthermore, the overall upward slope of this cluster is characteristic of OH- radical
participation. As new band patterns emerge with increasing mass, we hypothesize that each band
represents a new group of clusters with an added titanium core. It should be noted that at higher
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masses, the mass defect plot distorts to progressively more negative slopes, indicating that the TOF
calibration has drifted in this mass range. Further studies will require more sophisticated
calibration procedures to ensure accurate peak identification at higher masses. For the negative

Figure 3.5: Mass defect plots for (a) positively charged ions and (b) negatively charged ions
during the combustion synthesis of TiO 2 .
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mass defect plot (Figure 3.5b), the spectrum does not have the same distinct groupings of clusters,
but the overall negative slope indicates strong clustering interactions of (TiO 2 )x (NO 3 )y.
Identifiable peaks in Figure 3.4 are mostly a class of negatively charged Tin O x Ny clusters. Due to
the different possible oxidation states of Ti, the assignment of oxygens to either Ti or N left is
ambiguous. However, the band structure spacing as seen in the positive mass defect plot with
spacing’s of 16 Da also indicate the addition of O to Tin Ox N y complexes, providing further
evidence for strong clustering interactions between NO x and Ti species. This finding is the first
clear indication of TTIP chemical ionization occurring in flames through NO x interactio ns,
whereas previous studies have mostly assumed diffusion charging and thermionic ionization to be
the principle mechanisms of charging. A dashed line with a slight upward slope also highlights
that OH- radical-driven interactions participated in the growth of Ti clusters. Further studies are
needed to fully understand the contribution of chemi-ionization pathways during combustion
synthesis.

Based on the data presented in Figures 3.3-3.5, we can see that collisional growth of TiO 2
clusters at the initial stages of particle formation may not be a suitable assumption to capture the
growth mechanisms. Previous studies have concluded that Ti(OH) 4 is the most thermodynamica lly
stable monomer. Based on positive mass spectra we can draw similar conclusions since Ti(OH) 4
and TiO(OH)4 had the highest intensities. Negative mass spectra revealed the presence of Tin Ox Ny
species demonstrating the importance of chemical ionization. For example single monomer ions
of Ti contained varying number of O atoms. Even for dimers and trimers of Ti, the ratio of Ti to
O varied. Nevertheless many other stable intermediates were also measured, and clusters
containing more than a single Ti atom were detected in significant concentrations. Thus there is a
need to further understand how these larger clusters form and how they affect downstream
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pathways. It should be noted that sampled clusters may undergo collisions with the dilution gas,
thus charge transfer interactions may also occur during the sampling process. Great effort was
made to minimize this effect by keeping very high dilution ratios and short residence times. Future
studies should also focus on system specific pathways by studying the effect of different flame
structures, fuel types, and carrier gases.

3.5 Conclusions
Through the measurement of natively charged clusters during the combustion synthesis of TiO 2
we have studied the clustering interactions between intermediate species of TTIP decompositio n
in a methane-air flat flame towards the formation of TiO 2 nanoparticles. Measurements were made
using an atmospheric pressure interface-time of flight mass spectrometer. Results show newly
detected negatively charged species which include NO x species attached to titanium species with
different oxidation states and stable positive monomers of Ti(OH) 4 and TiO(OH)4 . Evidence from
these measurements indicate the importance for intermediate clustering interactions which may be
specific to precursor chemistry of flame condition. Through these series of measurements we have
observed several new phenomena: 1) NO x plays a strong role in clustering interactions with Ti
species of varying oxidation states; 2) Intermediate organic species in the form of Tin Ox Cy Hz may
form lager complexes prior to complete conversion to TTIP; 3) Ti(OH) 4 , TiO(OH)4 , and
TiO2 (NO 3 )3 - are the most stable monomeric Ti species that are natively charged; 4) Chemiionization can play a principle role in the initial stages of particle formation.
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4. The Initial Stages of Multicomponent Particle
Formation During the Combustion Synthesis of
Mixed SiO2/TiO2
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4.1 Abstract

The ability to properly scale the synthesis of advanced materials through combustion
synthesis routes is limited by our lack of knowledge regarding the initial stages of particle
formation. In flame aerosol reactors, the high temperatures, fast reaction rates, and flame chemistr y
can all play a critical role in determining the properties of the resulting nanomaterials. In particular,
multicomponent systems pose a unique challenge as most studies rely on empirical approaches
towards designing advanced composite materials. The lack of predictive capabilities can be
attributed to a lack of data on particle inception and growth below 2nm. Here we present
measurements for the initial stages of particle formation during the combustion synthesis of SiO 2
and composite SiO 2 /TiO 2 using an atmospheric pressure inlet time-of-flight mass spectrometer.
Both positively and negatively charged clusters can be measured and results show the presence of
silicic acid species which grow through dehydration, hydrogen abstraction, and interactio ns with
hydroxyl radicals. In the case of composite SiO 2 /TiO 2 particle formation, new molecular species
containing Ti atoms emerge. Tandem ion mobility mass spectrometry provided further insight into
the size resolved chemistry of particle formation to reveal that at each cluster size, further hydroxyl
driven reactions take place. From this we can conclude that previous assumptions on collisio na l
growth from simple monomer species of SiO 2 and TiO 2 does not sufficiently describe the
collisional growth mechanisms for particle growth below 2 nm.
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4.2 Introduction
Combustion synthesis is a versatile technique for making advanced nanomaterials such as
alumina, silica, titania, and other metal oxides. At industrial scales, utilization of combustion
synthesis poses the advantages of large production rates, high purity, and low waste generation.
More specifically, silica and titania nanoparticles synthesized through this route have found
applications for use as hydrophobic coatings, pigments, and catalysts. Further interest towards
functional materials have resulted in a pushed towards medical applications, but require the ability
to carefully control the size, shape, and surface properties[1]. Thus successful application of this
technology requires an adequate degree of tailoring and control in regards to nanopartic le
properties which often requires doping. Doping during combustion synthesis has been limited in
scalability due to difficulties in preventing phase segregation and controlling material properties
such as crystal structure and particle size. A more detailed understanding of particle formatio n
pathways, beginning with the initial stages, for composite nanoparticles synthesized

via

combustion synthesis will be critical in the successful application of this technology.

Previous studies on doped systems have been able to successfully synthesize composite silica titania nanomaterials. For example, Ehrman et al. examined the properties of binary TiO 2 /SiO 2
systems while carefully studying the conditions for phase segregation [2]. In addition, the
prevention of phase segregation could be achieved by carefully controlling the downstream
conditions of the flame through dilution quenching [3]. More advanced nanostructures of TiO 2
nanoparticles have been able to add coatings of silica [4], noble metal decorations [5] and doping
with copper [6]. Rapid coating of paper board with binary TiO 2 -SiO 2 has been demonstrated
through roll to roll processing to achieve water resistance [7].
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Metal oxide nanomaterials exhibit many useful photocatalytic properties allowing for their
application in a number of areas. With proper control, the addition of dopants can result in
enhanced performance for catalysis [8] and bacterial inactivation [9]. Challenges for achieving
scalability for these applications include the ability to control new nanoparticle formation in flame
aerosol reactors. This stems from a lack of understanding for the initial stages of particle formatio n.
Despite the significant effort placed on properly designing doped nanomaterials, successful
industrial production is limited by a lack of predictive capabilities for modeling flame aerosol
reactors for scale up.

Titania and silica particle formation mechanisms have been studied independently using the
precursors of titanium tetraisopropoxide (TTIP) and tetraethylorthosilane (TEOS). These
precursors are commonly used to for the combustion synthesis of nanoparticles. In the case of
silica, conversion from precursor molecules to silica nanoparticles has often assumed simplif ied
global mechanisms through the decomposition of gaseous precursors to stable

SiO 2

monomers.

Si (OC2 H5 )4 → SiO2 +4C2 H5 O

(4.1)

Under classical nucleation theory, the critical particle size for a stable metal oxide seed particle is
below the mass based particle diameter of a single metal oxide molecule. Thus studies have
assumed that the critical cluster size for a stable monomer is a single metal oxide molecule while
further growth is assumed to occur through collisions of these monomers. Recently, theoretical
modeling has yielded more detailed pathways of TEOS decomposition to silica, and have
demonstrated the importance of intermediate species towards the conversion of TEOS to SiO 2 .
Such intermediate are formed through de-methylation,
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de-ethylation,

demethylation and

disproportionation, and de-ethylation and dehydration pathways [10]. Similar studies have
examined TTIP decomposition using statistical thermodynamics,

quantum chemistry, and

equilibrium composition analysis with agreement with experimental results [11]. Although recent
work has mapped out such pathways in great detail, there is a lack of experimental validation at
the molecular level for cluster growth.

The goal of this study is to measure cluster formation mechanisms for multicomponent systems
of TiO 2 and SiO 2 in a flame aerosol reactor. The chemistry of decomposition for both of these
precursors has been well studied thus providing a good basis for understanding the initial stages
of mixed oxide particle formation. Previous studies have only focused on conversion mechanis m
from precursors to stable monomers but have failed to take into account how these byproducts may
interact with one another to grow into stable nanoparticles. By using an atmospheric pressure
interface time-of-flight (APi-TOF) mass spectrometer, we measure natively charged clusters to
infer their chemical composition and track their growth mechanisms.

4.3 Material and Methods
Single component SiO 2 and multicomponent SiO 2 /TiO 2 clusters were generated using a
premixed methane air flat flame aerosol reactor [12]. Figure 4.1 displays the experimental setup
where the methane fuel (>99.95%, Linde AG), Oxygen (>99.95%, Linde AG), and nitrogen carrier
gas (>99.95%, Linde AG), and gaseous precursor were premixed and stabilized over a 1.91 cm
diameter flat flame burner head. A sheath flow of nitrogen (>99.95%, Linde AG) gas was also
provided with a concentric outer tube of 2.54 cm to shield the flame from entraining excess air.
Titanium (IV) isopropoxide (TTIP, >97%, Sigma Aldrich) and tetraethylorthosilicate (TEOS,
>97%, Sigma Aldrich) precursors were delivered using a glass sealed bubbler (MDC Vacuum
Products, LLC) while nitrogen (>99.95%, Linde AG) was used as the carrier gas. All gas flow
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rates were controlled by mass flow controllers (MKS Instruments). Precursor loading rates were
calculated using vapor pressure data available for TTIP [13] and TEOS [14]. Details on flow
conditions are provided in Table 4.1.

Table 4.1: Premixed flame aerosol reactor parameters and operating conditions

Property

Value

Methane flow rate

1.0 lpm

Oxygen flow rate

2.85 lpm

Nitrogen flow rate

8.0 lpm

Sampling probe dilution ratio

120:1

Flame diameter

19.05 cm

TEOS precursor feed rates

0.08-1.97 mmol/hr

TTIP precursor feed rate

0-0.86 mmol/hr

The initial stages of nanoparticle formation during combustion synthesis were measured by an
atmospheric-pressure interface time-of-flight (APi-TOF) mass-spectrometer (TOFwerk AG,
Thun). Flame generated clusters were sampled using a venturi dilution probe to rapidly quench
further collisional growth and chemical reactions. The gas dilution ratio was 120:1 with a dilutio n
flow of 50 lpm. Excess flow was exhausted while a portion of the diluted sample was directly
injected into the entrance of the APi-TOF mass spectrometer with an inlet flow rate of 0.81 lpm,
only natively charged clusters were measured and no additional ionization was added to the
system. The APi-TOF had a resolution of 3000 Da/Da (M/ΔM) with a mass accuracy of 20 ppm
and a detection range of up to 2500 Da. Calibration of mass spectra for negatively charged clusters
was performed using nitrate radical and nitric acid clusters of NO3− (61.9883 Da), HNO3 NO3−
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(124.9835 Da), and (HNO3 )2 NO3−. Positive

clusters were calibrated

using

Si(OH)4 H +

(m/z=96.9957) and C8 H12 O + (m/z=124.1803). Mass spectra was analyzed using a MATLAB
program previously developed for high resolution mass spectrometers [15].

Figure 4.1: Experimental setup for the combustion synthesis of SiO 2 and TiO 2 in a premixed flat
flame aerosol reactor along with the measurement of charged clusters using an atmospheric pressure-inlet time-of-flight (APi-TOF) mass spectrometer.

4.3.1 Size resolved chemistry with tandem ion mobility spectrometry – mass spectrometry
(IMS-MS)
Tandem ion mobility mass spectrometry was implemented to classify sub 2 nm particles with
high resolution by adding a Herrmann-type Differential Mobility Analyzer (DMA) upstream of
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the APi-TOF [16]. The DMA allows for the classification of clusters based on their electrical
mobility (Z) ranging from 7.5-0.1Vs/cm2 . A closed loop configuration for the DMA was used to
maintain a balanced flow rate of 10 lpm for the inlet and outlet of the DMA. Recirculating room
air was used while the flow rate for the DMA was maintained by an inline DC brushless blower
(DOMEL Inc.) operated with a flow rate above 500 lpm. The precise flow rate was obtained
through calibration by electrospraying a mobility standard of 200 μM tetraheptylammo nium
bromide solution (99.9%, Sigma-Aldrich) diluted in methanol [17]. In order to remove any excess
nanoparticles and contaminants, an in line HEPA filter was added to the recirculating sheath flow.
The mobility spectra was obtained by scanning the DMA voltage using a high voltage source
(Spellman Inc.) which was controlled using LabView with a voltage step of 3V with a 1s step time.
The signal was measured both by a faraday-cage electrometer (Model 3068B, TSI Inc.) and by
injecting the classified ions into the inlet of the APi-TOF mass spectrometer allowing for the
measurement of the molecular mass for the classified ions.

4.3.2

Experimental plan

A test plan is presented in Table 4.2 for examining multicomponent cluster formatio n
mechanisms. Test 1 will measure the mass spectra for natively charged single component SiO 2
clusters by only adding a TEOS precursor into the FLAR. Test 2 will examine multicompo ne nt
systems with the addition of both TTIP and TEOS precursor for TiO 2 /SiO 2 nanoparticle synthesis.
Finally test 3 will examine the size resolved chemistry of cluster formation during the initial stages
of nanoparticle formation with tandem ion mobility mass spectrometry.
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Table 4.2: Experimental plan

Test #

APi-TOF
Differential TEOS
mass
Mobility
precursor
spectrometer Analyzer
addition

Objective

TTIP
precursor
addition

1

Measure natively charged clusters for
pure SiO2 particle formation









2

Measure mixed TiO2 /SiO2 composite
nanoparticle formation at a precursor
ratio of 1:1









3

Examine size resolved chemistry in a
tandem DMA-MS system









4.4

Results and discussion

4.4.1

Single component particle growth mechanisms.

Molecular species of natively charged clusters generated during the combustion synthesis of
SiO2 were measured in an APi-TOF Mass spectrometer. Measuring natively charged clusters
allows for the direct observation of new particle formation during combustion synthesis. Figure
4.2 shows representative mass spectra for both positively and negatively charged clusters from the
particle formation of SiO 2 . Si species could be identified based upon three naturally occurring
isotopes of Silicon:

28 Si (92.2%), 29 Si

(4.6%), and

30 Si (3.1%).

By examining the charged cluster

mass and their isotope patterns, we can begin to study new particle inception and how these
particles grow beyond monomeric species. There are noticeable difference in spectra patters for
positively (Figure 4.2a) and negatively charged (Figure 4.2b) clusters. Certain peaks could be
identified and their proposed molecular composition and their molecula r weight is listed in Table
4.3.
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In the case of positively charged clusters, the highest intensity peaks in the positive mass
spectra are protonated silicic acid (Si(OH)4 H+, m/z=96.9957 Da), protonated TEOS monomers
(Si(OC2 H5 )4 H+ m/z=209.1204 Da), and protonated TEOS dimers (Si2 (OC2 H5 )8 H+, m/z=417.2340
Da). The high signal intensity suggests that these three peaks represent some of the more stable
compounds present in the flame. The detection of high concentrations of Si(OH) 4 is in agreement
with previous studies, where Si(OH)4 is the main product of TEOS decomposition and is the most
stable product of TEOS decomposition in the temperature range of 800-2200 K based on
thermodynamic equilibrium calculations [10]. Positively charged clusters are proposed to be
formed through the protonation of silicates from collisions with hydronium ions and hydroxyl
radicals in the flame

X +H3 O + → X ∙ H3 O +

(4.2)

X + H3 O + → XH + + H2 O

(4.3)

where X represents possible silicate species. The presence of TEOS monomers and dimers implies
incomplete decomposition of precursor molecules, thus further decomposition is expected to take
place downstream leading to potential surface growth mechanisms. In addition intermed iate
hydrocarbon species from TEOS decomposition were detected in lower concentrations in the form
of ethoxy

and

methoxy

silanes

including

Si(OCH2 )(OC2 H5 )3, Si(OH)2 (OC2 H5 )2, and

Si(OCH3 )2 (OC2 H5 )2 . These species have been previously established as important intermediates
in the decomposition of TEOS through various pathways such as ethylene elimination and radical
additions [18].
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The representative mass spectra for negatively charged species from Figure 2b yielded a
wider variety of silicate peaks throughout the mass spectra. Most of the negatively charged silicate
ions were in the form of Sin Ox (OH)y with an attached nitrate ion or nitric acid cluster, where the
size of a cluster, n, represents the number of Si atoms within the oxide complex. The attachment
of nitrate ions and nitric acid clusters to most of the negatively charged clusters demonstrates the
presence of chemical ionization in the flame. The formation of negatively charged species is
hypothesized to form through charge exchange and proton transfer between nitrate ions and silicate
species (X)
HNO3 ∙ NO3 + X → HNO3 +X ∙ NO3−

(4.4)

NO3− + X → X ∙ NO3−

(4.5)

The high concentration of silicic acid clusters agrees well with previous theoretical studies which
have hypothesized particle growth to begin with a Si(OH)4 seed particle with successive growth
occurring through Si(OH)4 addition and dehydration reaction pathways [19].
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Figure 4.2: Natively charged clusters of measured for SiO 2 nanoparticle formation in a flame
aerosol reactor for positively (A) and negatively (B) charged clusters.

From Figure 4.2a and Table 4.3, various silicate monomer species were measured, thus
demonstrating the possibility that additional hydrogen abstraction and oxidation reactions are
taking place in the flame. Various monomers may participate in cluster growth, which begins with
the formation of dimers through hydrogen abstraction and collisional growth of SiO(OH)3 and
dehydration reactions from Si(OH)4 to form Si-O-Si ligands.

82

−H

Si(OH)4 → SiO(OH)3

(4.6)

−O

SiO (OH)3 + SiO (OH)3 → Si2 O(OH)6
−𝐻2 O

Si(OH)4 + Si(OH)4 →

Si2 O(OH)6

(4.7)

(4.8)

Furthermore, collisions between monomers and dimers will yield trimers of silicic acid species
with hydroxyl groups attached with siloxane bond linking Si atoms:
−OH

SiO(OH)3 + Si2 O(OH)6 →

Si3 O2 (OH)8

Si3 O2 (OH)8 → Si3 O3 (OH)6 + H3 O

(4.9)

(4.10)

At higher cluster masses, collisions can occur between a monomer and trimer or 2 dimers to
form a cluster size of 4 Si atoms.
−OH

Si3 O2 (OH)8 + SiO(OH)3 →

−H2 O

Si2 O(OH)6 + Si2 O(OH)6 →

Si4 O3 (OH)10

(4.11)

Si4 O3 (OH)10

(4.12)

Clusters with up to 5 Si atoms could be identified, and proceeded to have similar collisio na l
growth pathways through the formation of siloxane bonds. Beyond 450 Da, the molecular
composition of peaks could not be assigned due to the high number of possible compounds and
drift in calibration. Nonetheless, here we have presented the first measurements for the formatio n
pathways of silicic acid clusters during combustion synthesis of SiO 2 .
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Table 4.3: Identified positive and negative ions measured by an APi-TOF mass spectrometer

Molecular
Composition

Mass

Molecular composition

Mass

Si(OH)2 H3 O+

81.001

SiO 2 (OH)3 -

110.975

Si(OH)4 H+

96.996

Si(OH)5 -

112.991

Si(OH)4 H3 O+

115.006

Si(OH)6 H2 -

132.009

Si(OCH2 )(OC2 H5 )3 +
Si(OH)2 (OC2 H5 )2 +

193.290
153.058

Si(OH)4NO3 Si(OH)3 NO3 -

157.976
140.973

Si(OCH3 )2 (OC2 H5 )2 H+

181.090

Si2 (OH)6 H2 O -

175.981

SiO 5 C6 H15 +

195.070

Si2 O(OH)6 NO 3 -

235.953

Si(OC2 H5 )4 H+

209.121

Si2 (OH)6 O3 NO 3 -

295.920

Si(OC2 H4 )4 H3 O +

223.100

Si3 (OH)8 O2 NO3 -

313.930

Si2 O(OC2 H5 )6 H+

343.161

Si4 (OH)7 NO3 HNO 3 -

355.910

Si2 (OH)(OC2 H5 )7 H+

389.203

Si4 (OH)8 O4 NO3 -

373.897

Si2 (OC2 H5 )8 H+

417.234

Si4 O3 (OH)10  (NO3)-

391.908

Si4 O(OH)8 (NO 3 )3 -

401.903

Si5 (OH)8 (HNO 3 )2 -

401.898

Si5 (OH)10 (NO 3 )2 -

433.893

Si5 O11 (OH)8 -

451.851

SiO(OH)18 -

461.914
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4.4.2

Multicomponent new particle formation
The next step towards understanding composite nanoparticle formation was to add TTIP

TEOS precursor to the flame aerosol reactor to study TiO 2 /SiO 2 composite particle formation. The
intent is to study whether SiO 2 clusters and TiO 2 clusters form independently from each other or
initially interact to form mixed oxides. Figure 4.3 displays the negative mass spectra for the
resulting clusters with the single component spectra and multicomponent spectra plotted together.
It can be seen that many of the peaks for the multicomponent mass spectra overlap with that of the
single component mass spectra, showing that products from pure SiO 2 particle formation are still
present. Based on the distinct isotopic pattern of Ti atoms, we can easily distinguish between Ti

Figure 4.3: Direct comparison of resulting mass spectra of natively charged clusters for
composite TiO 2 /SiO 2 (black) and single component SiO2 (gray) nanoparticle formation in a
flame aerosol reactor.
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containing species and pure Si species. The emergence of new peaks can also be seen beginning
with an integer m/z of 236 Da . At this mass, two possible species exist: TiO 4 (NO3 )- (m/z=235.903
Da), and Si2 O(OH)6 NO3 - (m/z=235.954 Da). However, the distinct isotope pattern of a Ti
containing cluster indicates the presence of titanium at this peak. Furthermore, larger Ti containing
molecules with various Ti:O ratios could be identified such as
TiO 2 (NO 3 )3 - (m/z =265.901 Da) and Ti3 (OH)−
11 (m/z=330.874). In the earlier stages of
particle inception, each component will form smaller clusters independently. This supports
previous work which has studied the vapor phase growth of iron oxide-silica nanocomposites in
flames. These studies concluded that particle nucleation begins independently for each component
[20, 21]. For larger cluster masses beyond 400 Da in Figure 4.3, previously prominent Si peaks
are no longer present, providing evidence for the formation of multicomponent clusters due to the
inevitable collisional growth between Si and Ti clusters. In multicomponent systems, the
decomposition of precursors and formation of clusters most likely occurs independently, however
beyond a critical cluster size, composite clusters will form beyond cluster sizes of 5. In larger size
ranges however, we cannot identify the exact molecular composition of these species due to
limitations in resolution and complexity of the spectra from overlapping isotope peaks. Future
studies should aim to identify the size at which independent cluster formation transitions towards
the formation of composite clusters.
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Figure 4.4: DMA mobility scans comparing mobility spectra for negatively charged pure
SiO2 (solid) and composite SiO2 /TiO2 nanoparticle formation

4.4.3

Tandem Ion Mobility Spectrometry-Mass spectrometry
In order to gain more insight into the size resolved chemistry of new particle formatio n,

tandem ion-mobility spectrometry – mass spectrometry was used to measure the mass of ions with
respect to their electrical mobility. Although high resolution DMAs are very effective at
classifying ions based on their size, electrical mobility alone is not sufficient for characterizing the
initial stages of particle formation since they cannot provide information on molecular
composition. Using a tandem DMA-MS can overcome these limitations while further providing
insight into the size resolved chemistry for clusters below 2nm (1/Z=1.897 Vs/cm2 ). Figure 4.4a
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displays a resulting mobility scan for ions as measured by a high resolution DMA for both single
component and multicomponent cases. For the synthesis of pure SiO 2 , several distinct ion peaks
can be observed ranging from 0.46 Vs/cm2 to 0.81 Vs/cm2 (mobility diameter of 0.99-1.31 nm).
In the case of multicomponent TiO 2 /SiO 2 nanoparticle formation, the peaks shifted to the right
indicating the formation of larger clusters and potential monomer scavenging.

Figure 4.5: Negative mass spectra at a fixed electrical mobility for pure SiO 2 nanoparticle synthesis
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The composition of the classified ions at each mobility were measured by maintaining a
fixed voltage across the DMA at each of the ion peaks from the mobility spectra while mass spectra
was collected and averaged over 2 minutes using the APi-TOF mass spectrometer. Figure 4.5
displays resulting mass spectra at fixed electrical mobilities where a series of ions classified by
their electrical mobility is displayed. It can be seen that for each growing cluster size, multip le
stable molecular species are present with various degrees of oxidation. For example, cluster sizes
with n=4 Si atoms are measured at an electrical mobility of 0.71 Vs/cm2 where 4 stable species
including Si4 (OH)7 , Si4 (OH)8 O4 , Si4 O 3 (OH)10 , and Si4 O(OH)8 can be detected at this electrical
mobility. From the presence of these species, we can see that adjacent hydroxyl sites may react to
reduce the oxidation state of Si towards the steady state form of SiO 2 . Previous attempts to model
cluster growth have assumed that for each discrete size, a uniform molecular composition exists.
These results show that for the growth of oxide nanoparticles, significant reactions such as
hydrogen abstraction, and dehydration reactions can occur even within a discrete cluster size. Most
likely, due interactions with attached hydroxyl groups, hydrogen abstraction and dehydration are
occurring within cluster sizes.

Similarly, for multicomponent systems, IMS-MS revealed the presence of multiple ion
peaks at a fixed electrical mobility (Figure 4.6). The first peak, measured at 0.49 Vs/cm2 was not
displayed as it was a single cluster of HNO 3 NO 3 . At the subsequent peaks, species of Ti monomers
emerge at both 0.56 Vs/cm2 and 0.59 Vs/cm2 . Three main peaks at 236 Da, 248 Da, and 265 Da
emerge at different intensities and could be identified as oxidized Ti monomers with nitrate
radicals attached. Thus the shift in the mobility peak can be attributed to the higher mass of Ti
clusters being measured by the DMA. For the first two peaks at 0.56 Vs/cm2 and 0.59 Vs/cm2 , due
to the lower resolving power, the DMA was unable to completely resolve the monomer Ti peaks
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at 236 Da and 265 Da. At higher inverse mobilities, previously detected Si peaks are no longer
present in high concentrations, most likely due to scavenging.

Figure 4.6: Comparison of the mass-mobility relationship for clusters of SiO 2 and composite

The relationship between mass and mobility in the free molecular regime is not well
understood and can depend significantly on material properties. Figure 4.7 maps the inverse
mobility with respect to the measured mass from tandem IMS-MS measurements. A dashed line
in the plot indicates the Kilpatrick relationship [22], which is a commonly utilized relationship for
estimating cluster mass with respect to electrical mobility in this size range. Clearly all of the
measured clusters are well above the Kilpatrick relationship indicating that clusters of Si and Ti
are much denser. Future studies relying on high resolution DMAs in this size range should have a
clearer understanding of the measured ions chemical composition.
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4.5

Conclusions
This work presents the first measurements of the new nanoparticle formation during the

combustion synthesis of silica and composite silica/titania clusters. Using an atmospheric pressure
inlet time-of-flight mass spectrometer, the cluster growth mechanisms, starting from monomers,
for positively and negatively charged species in the flame are studied. Cluster growth mechanis ms
can be seen for silica as collisional growth between small clusters yield the presence of silicic acid
units linked by siloxane bonds. The addition of TTIP precursor results in scavenging of silicate
species to form larger clusters. By applying tandem ion mobility mass spectrometry, we examined
the size resolved chemistry of cluster growth mechanisms. Results indicate significant chemistr y
occurring between clusters as silicate species of various Si:O ratio are present at the same Si cluster
size, thus accurate modeling of collisional growth must account for interactions with OH- groups.
In the case of multicomponent systems, Ti containing species appear to dominate the mass spectra
as Si species can no longer be measured in high concentrations indicating the possible formatio n
of mixed clusters.
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5. Ions in Flames During Combustion Synthesis
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5.1 Abstract
The ability to measure the particle size relies on charging capabilities and accurate
knowledge of charge distributions. Below 2nm, charging efficiencies are extremely low while
there has yet to be a consensus on mechanisms of charging below 2nm due to break downs in
current charging theories in this size range. These are due to emerging complexities associated
with changes in aerosol physics and material dependent properties. The first experiments in
studying charge fraction below 10 nm is presented for the combustion synthesis of metal oxides
for providing new insights into the charging mechanisms in flames. Furthermore, the role of ions
in flames is examined through characterization of the electrical properties in flames for flame
aerosol reactors.
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5.1

Introduction
Combustion is a complex self-sustaining process which involves a large concentration of

ions and radicals generated from a high temperature reacting flow. The presence of these ions in
flames will affect how particles are charged during the initial stages of particle growth. Difficulties
in understanding the role of ions during combustion result from the dynamic nature of combustion
due to high temperatures, rapid reaction rates, and low charge fraction making charge fraction
measurements difficult due to the short characteristic times of charging and ion recombinatio n.
Significant effort has been placed on studying ions in flames for various combustion systems [1],
however the role of ions during the initial stages of particle formation during the combustion
synthesis of metal oxides has yet to be studied in detail.

Previous studies regarding the electrical properties in flames began with efforts to
understand the effects of sampling on flames for molecular beam mass spectrometry (MBMS),
where flame ions are sampled through a metallic conical nozzle into a mass spectrometer [2].
MBMS is the most widely used technique for studying flame chemistry and structure due to its
ability to resolve individual chemical species. Flame sampling through a direct nozzle can result
in significant sample distortion in the flame due to aerodynamic disturbances [3], temperature
gradients [4], concentration gradients [5], and potential gradients [6]. The presence of an electric
field prompted many studies on this matter both for positively charged and negatively charged ions
[7]. However, this has yet to be studied in the context of combustion synthesis of metal oxide
nanoparticles.

Charging in flames can occur through several processes including diffusion charging,
thermionization,

chemical ionization,

and photoionization [8]. Charging processes during
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combustion are important both for understanding particle growth pathways and for the
measurement of particle size distributions. For particle growth, the formation and recombinatio n
of ions may affect the growth rates and mechanisms of nanoparticles in flames [1]. Charging is
particularly crucial for the accurate determination of particle size distributions through data
inversion for electrical mobility based measurements. Currently, a size dependent charge fraction
is assumed based on the Wiedensohler approximation [9] which was developed based on an
equilibrium charge state of nanoparticles predicted through Fuch’s charging theory [10]. Yet,
many experimental observations of charging in flames have relied on the Boltzmann charge
distribution, which is based on the kinetic theory of gases and free molecular charging [11, 12].
Below 10nm, charging efficiencies are extremely low and can be system dependent. Fuch’s theory
assumes that diffusion charging occurs through Brownian collisions of ions with a single mass and
mobility. This assumption may break down in flames due to the complex environment and
presence of various ion species. Thus it is critical to examine how a flame aerosol reactor’s
electrical properties may relate to the overall charging mechanisms during the initial stages of
particle growth.

The goal of this section is to study the electrical characteristics of flames as it relates to the
charging of nanoparticles during the initial stages of combustion synthesis. This will first be done
by measuring the size distribution of naturally charged, neutral, and charged conditioned aerosols
from a flame aerosol reactor. Furthermore ions in the flame aerosol reactor will be measured in
response to an electric field through current-voltages measurements.

Finally,

a boosted

condensation particle counter will be used to measure the charge fraction of sub 2nm clusters.
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5.2 Experimental Methods
An experimental plan for the different types of measurements taken is presented in Table 5.1.
Both a methane-oxygen and hydrogen oxygen premixed flat flame aerosol reactor (F-FAR) was
used. Further details on the operation of this system using methane as a fuel has been described in
chapters 2-5. The nitrogen, methane, and oxygen flow rates were 9.3, 0.89, 2.34, and 2.34 lpm
respectively. TTIP and TEOS precursor flow rates were controlled to 0.72 mmol/hr and 0.53
mmol/hr respectively. In the case of hydrogen (test 3c), the nitrogen carrier gas flow rates were
further increased 13 lpm while the hydrogen and oxygen flow rates were 2.47 and 1.0 lpm ensure
proper matching of the hydrogen flame speed while precursors were fed at the same molar flow
rates. All flow rates were controlled using mass flow controllers (MKS Instruments, Andover
MA).

Table 5.1: Experimental plan for the study of charging and the role of ions during combustion
synthesis

Purpose

Test

Compare natively charged
and charge conditioned
size distributions

1a

Kr-85 diffusion charger

1b

Inactive neutralizer replacement

Compare the neutral
fraction with the charged
fraction of flame
generated nanoparticles
Measure IV curves to
study the electrical
characteristics during
combusiton synthesis for
various materials and fuels

2a
2b
2c
3a
3b
3c

Charge conditioning

Charged particle remover operated at
1KV
Charged particle remover operated at
3.4 KV
Charged Particle Remover and Kr-85
neutralizer
In Situ Charged Particle remover and
electrometer
In Situ Charged Particle remover and
electrometer
In Situ Charged Particle remover and
electrometer
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Fuel

Material

CH4

TiO 2

CH4

TiO 2

CH4

TiO 2

CH4

TiO 2

CH4

TiO 2

CH4

-

CH4

TiO 2 /SiO 2

H2

TiO 2 /SiO 2

5.2.1

Size distribution measurements
Comparisons of natively charged and charge conditioned size distributions for flame

generated nanoparticles were measured using two different test conditions. Standard size
distributions were measured using a scanning mobility particle sizer (SMPS) with a TSI 3085
DMA and 3081 classifier. Since no charging efficiency is assumed, all data presented will be in
the form of raw counts (#/cc), which is the concentration detected by the CPC. Natively charged
size distributions were measured by replacing a Kr-85 neutralizer with an inactive neutralizer (no
diffusion charging), this would only ensure that natively charged nanoparticles would be classified.
The molar flow rate of TTIP was controlled to 2.88 mmol/hr while the nitrogen, oxygen, and
methane flow were metered at 8.21 lpm, 2.85 lpm, and 0.99 lpm respectively. Size distributio ns
were measured at a 1cm height above the burnerhead.

5.2.2

Neutral fraction particle size distributions

A charged particle remover (CPR) was added in line to the dilution sampling flow to remove
natively charged particles. The neutral fraction of the particles were then charged downstream of
the CPR using a Kr-85 neutralizer to enable the measurement of the neutral fraction of the overall
particle size distribution. Differences between the charged and neutral fraction were studied to
provide insight into the differences between charged and neutral particle size distributio ns
generated in a flame aerosol reactor. Figure 5.1 displays a schematic diagram of the experimenta l
setup.
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Figure 5.1: Experimental setup for measuring natively and charge conditioned particle size
distributions

5.2.3 In situ charged particle removers and electrical properties of flames during
combustion synthesis.
Using a radial aluminum plate located 1 inch from the burner head in a parallel
configuration, a DC voltage was applied to induce a uniform electric field in the flame allowing
for a current-voltage scan to characterize the electrical properties during combustion synthesis
allowing for the measurement of IV curves. IV curves were measured with and without precursor
addition while using hydrogen and methane fuels. The current and voltages were controlled and
measured using a Keithley 2400 electrometer where the burner head acted as the charged electrode
while the parallel plate with the sampling nozzle was grounded. The term ion collector plate will
be used to represent the grounded parallel conductive metal plate and sampling nozzle assembly.
The gap between the burner and ion collector plate was 2.54 cm above the flame and had a radius
of 3.81 cm to provide sufficient coverage of the diameter of the flat flame, which has a cross
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sectional surface area of 5.07cm2 . The potential difference (Δφ) can be determined as the
difference between the burner head potential (VB) and the ion collector plate potential (VS ) in the
form of Δφ=(VB- VS ). Voltage scans were performed in steps of 5 Volts with a time step of 0.5
seconds from -200 to 200 volts. The IV curves were measured both for methane and hydrogen
flames with precursors for TiO 2 and SiO 2 .

Figure 5.2: Measurement of IV curves in a flame aerosol reactor under a DC electric field along
with measurement with a boosted CPC battery for measurement of sub 2nm cluster size
distributions

5.2.1

Boosted CPC for measurement of sub 2nm size distributions
Condensation particle counters (CPC) are a robust and well established method for counting

particles and measuring number concentrations. Current CPCs are typically designed to have a
lower detection limit of about 2nm, however recent developments have enabled CPC detection
limits below this range allowing for studies of particle formation below 2nm. One method is
through the control of the CPC saturator and condenser temperature, which can increase the CPC
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detection efficiency for lower size ranges. A commercial TSI 3025A Ultrafine CPC was used and
modified for enhanced detection of sub 2nm charge fractions based on procedures from Kuang et
al. [13].

5.3 Results and Discussion
5.3.1

Naturally charged versus charge conditioned size distributions
Results from measuring charge conditioned and naturally charged particle size distributio ns

are displayed in Figure 5.3. These particle size distributions were measured by directly measuring
size distributions from the dilution flow without any charging. This provides the size distributio ns
from particles charged in the flame through high temperature diffusion charging, chemical
ionization, and thermionization. Charge conditioned nanoparticle size distributions were measured
by passing sampled aerosols through a Kr-85 neutralizer which is representative of an equilibr ium
charge state through diffusion charging. The size distribution for natively charged clusters exhibit
a slightly higher geometric mean when compared to that of charge conditioned aerosols. This
implies that there is a significant fraction of neutral particles below 10 nm which are naturally
uncharged, and thus unclassified in the natively charged size distribution. Furthermore the native
charge distribution may not be an equilibrium charge distribution which may further undergo
recombination during the sampling procedure as dilute aerosols may have undergone continuo us
collisions with background gas molecules.
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Figure 5.3: Comparison of natively charged and neutralized particle size distributions measured
in a flame aerosol reactor as during the combustion synthesis of TiO 2

In order to measure the neutral fraction of aerosols generated during combustion synthesis,
a charged particle remover was used (Figure 5.4). The naturally charged fraction was still measured
by turning the CPR off and measuring the size distribution. With the CPR turned on, no aerosols
could be measured confirming the removal efficiency of the CPR. Finally, by adding an additiona l
charge conditioning step, after the CPR was turned on, the neutral fraction of aerosols was charge
conditioned and the resulting size distributions were measured. The neutral fraction of aerosols
showed a similar shift towards a lower size distribution, which confirms the hypothesis that the
lower shift in size distribution in Figure 5.3 was due to a large fraction of neutral aerosols which
were not charged during combustion.
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Figure 5.4: Particle Size distributions for the natively charged fraction (CPR-OFF), and neutral
fraction (CPR-ON+ Neutralizer) of particle. The effectiveness of the charged particle remover was
confirmed as no particles were measured with the charged particle remover turned on without a
neutralizer.

5.3.2

IV curves for measuring electrical properties in flames
The electrical properties of a premixed flat flame during the combustion synthesis of metal

oxides was studied by applying a DC electric field across the flat flame while measuring the IV
characteristics (Figure 5.5). Previous studies of the effect of electric fields on flames and mass
spectrometric sampling have been performed for similar geometries but only with simplif ied
systems of simple ions such as Cs+ and Cl- [6, 7, 14]. The flux of ions to the ion collection plate is
a combination of convection, electrical migration due to the electric field, and diffusion. Diffus io n
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has been shown to be unimportant while mobility and convective forces dominate depending on
the conditions. The potential gradient between the grounded sampling plate and burner head (Δφ)
allows for the ability to control the electric field across the flame. Since the flame has a radial
geometry with a fixed surface area and the ion collection plate is parallel to the flame, the electric
field for a given height (h) can be calculated as (VB- VS )/h where VB and VS is the potential of the
burner head and ion collection plate, respectively.

When Δφ <0, then the burner is at a lower

potential than the ion collection plate, thus the ion collection plate. In the opposite case where the
burner head has a lower potential than the ion collector plate (Δφ >0), a positive current will be
measured since the burner head will have a higher potential than the ion collection plate.

Beginning from figure 5.5a, the characteristic IV curves for a methane flame can be
observed. Key differences in methane and hydrogen combustion result in different IV
characteristics for blank flames (without precursor addition). From Figure 5.5, the blank methane
flame has much current and ion concentration than hydrogen flame. Methane flames have higher
ion concentrations than hydrogen flames due to the contribution of radical hydrocarbon species
present during methane combustion, whereas hydrogen flames primarily have hydronium,
hydroxide, oxygen radicals, and free electrons. With the addition of precursor for methane flames,
there is negligible enhancement of current for the positive potential while the negative potential
has a higher current and lower impedance across the bulk flame. Silica is known to be a radical
scavenger due to significant hydroxide radical attachment, thus ion concentrations may be
significantly lower in the case of TEOS precursor addition in the case of methane flames.

Hydrogen flames (H2 +O 2 +N 2 ) exhibit different characteristics due to the lower ion
concentrations (Figure 5.5 B). The current is already saturated within +/- 5 V with a saturation
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current of ~0.01 μA. The addition of precursors results in new IV curve behavior with implicatio ns.
Under both positive and negative potential, the saturation current is higher with the addition of
TEOS precursor (~0.053 μA). This higher saturation current is caused by the formation of charged
clusters generated from the particle formation process for SiO 2 . This has implications both
sampling flame clusters since at this point, charged clusters and ions will not be able to overcome
the potential gradient caused by the high electric field to penetrate through the sampling nozzle,
thus no charge clusters can be measured through the sampler. Furthermore, this demonstrates the
ability to use the ion collector plate as an in situ charged particle remover.

Prior to reaching the saturation current, two distinct regions of linear current increase can
be seen for positive currents. In order to understand this phenomena, we must understand the
potential field across the burner head and the ion collection probe. At 0V potential difference, the
current is measured at 0.0055 μA. Free electrons have a tendency to attach to metal surfaces thus
there exists a sheath of free electrons attached to the burner head and ion collector plate. This
results in an increased potential across the bulk flame which attracts a small amount of positive
ions to the ion collector plate. As the potential is increased. The current rapidly increases at a linear
rate up until about 4 volts. Beyond this region a separate linear region with a lower slope can be
seen (4-100V). These two regions exist due to the presence of negative ion and positive ion sheaths.
Previous studies have established that resistance due to the bulk flame is negligible, however, the
formation of ion sheaths results at the nozzle and burner interface results in higher potential
gradients. Under negative potential, the second linear increase below 100 V does not exist
indicating that in this region negative ion and free electron flux due to mobility dominates.
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Figure 5.5b also displays the effect of adding TTIP precursor. The IV curve is remarkably
different and has a shape more indicative of an ohmic potential gradient which can be caused either
by a much higher concentration of ions being generated (even at similar concentrations) or
significantly different ion mobility in the flame. Furthermore it should be noted that TiO 2 may not
scavenge radicals as heavily as SiO 2 .

Current ( A)

0.05

Pure Hydrogen flame
0.53 mmol/hr TEOS
0.73 mmol/hr TTIP

0.00

-0.05

-0.10
-200

-100

0
Potential (V)

100

200

Figure 5.5: Current-voltage characteristics of a methane air flame (A) and a hydrogen flame
(B) as measured by a parallel ion collector plate
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5.3.3

Boosted CPC battery for charge fraction measurements of sub 2nm clusters.
The measurement of particle size distributions and clusters below 500 nm typically must rely

on the ability to charge these particles, typically through an aerosol charge conditioner. However,
current charging efficiency curves predict extremely low charging efficiencies below 2nm. A CPC
allow for the detection of all nanoparticles, including neutrals, which make it an attractive method
of measuring total particle concentration. With the use of a CPC battery, we measured the total
number

concentrations

aerosols

with

a

conventional

3025A

CPC

and

3

Number Counts (10 #/cc)

Current ( A)
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Figure 5.6: IV characteristics (a) and corresponding CPC battery measurements of clusters
sampled in a flame aerosol reactor.
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a

boosted 3025A CPC. This allows for a comparison of the number size distribution ranging from
1.48nm to 2 nm. This size range is previously neglected since it is too small for a nano-DMA to
classify and it is too large for mass spectrometric sampling. Recently, several groups have been
able to achieve size distribution measurement down to 1nm [15], but have yet to study flame
environments in detail. Figure 5.6 shows results from CPC battery measurements downstream of
the ion collector plate at various potentials.

5.4 Conclusions
Here we present measurements of charging characteristics and ions in a flame aerosol reactor
to study the role of ions in flames using various techniques. By comparing the difference between
naturally charged, charge conditioned aerosols, and neutral aerosols below 10nm, we see that there
may be a significant fraction of neutral nanoparticles present in the size distribution. By applying
electric fields in a flat flame, we can further measure current-voltage characteristics of premixed
flat flames during the combustion synthesis of metal oxide nanoparticles. With the addition of
precursor, a significantly higher ion concentration can be measured which may be due to charged
ions during the particle growth process while different materials yield different current voltage
characteristics in the flame. Finally using a boosted CPC battery we are able to measure particles
below 2nm. Using an in situ CPR, very minor changes could be detected between 1.5 and 2nm
indicating that the neutral fraction dominates below 2nm.
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6. Characterization of Nanostructured Niobium Doped
TiO2 Thin Films Synthesized in a Flame Aerosol
Reactor
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6.1 Abstract
Here we demonstrate the ability to synthesize transparent conducting nanostructured thin
films of niobium-doped TiO 2 (NTO) using a flame aerosol reactor. Previous methods of
synthesis have primarily relied on vacuum deposition techniques such as sputter coating, atomic
layer deposition, and chemical vapor deposition. Combustion synthesis serves as a scalable
method for depositing nanostructured films in an atmospheric environment with high growth
rates while being able to control morphology. Ultrafine clusters of NTO are generated in an
inverted premixed hydrogen flame directly facing a water cooled substrate holder. Nanoparticles
deposited onto a glass substrate through thermophoresis then sinter into a nanostructured
columnar morphology with a growth rate of approximately 40 nm/min. NTO nanostructured thin
films with a thickness of approximately 200 nm were deposited at various niobium doping rates
ranging from 0-28%. Based on conductivity and Hall measurements the lowest resistivity
achieved was 0.04 Ohm cm with a carrier density of 5.06 X 1016 cm-3 and mobility of 8.17
cm2 /Vs. Further characterization using XRD revealed polycrystalline anatase films while XPS
revealed that Ti4+ and Nb5+ were primary oxidation states. A high transparency in the visible
region was also measured ranging from 60-90%.
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6.2 Introduction
Niobium doped titanium dioxide has attracted significant attention as an alternative
transparent conducting oxide material due to its promising electrical and optical properties.
Transparent conducting oxides are a class of metal oxides which combine electrical conductivity
and optical transparency (primarily in the visible range) which allows for their application in
solar energy conversion, light emitting diodes, and flat panel displays [1]. Currently tin-doped
indium oxide (ITO) is the most widely adopted TCO on a commercial scale with resistivities on
the order of 1-2 X 10-4 Ohm cm. Fluorine doped tin oxide is also commonly used at an industrial
scale for thin film solar cells with resistivities of 5 X10

-4

Ohm cm. These materials have large

bandgap energies of > 3eV allowing for their high transmittance in the visible and nearultraviolet region. Over the past several decades, much effort has been focused on finding
alternatives to TCOs due to increasing prices of indium and the exponential rise of flat panel
displays and solar cells [2]. Niobium doped TiO 2 was first proposed by Furubayashi et al. [3] as
an alternative to ITO and has gained significant attention over the past decade due to its stability,
promising performance, and non-toxicity.

Pure anatase TiO 2 is a wide bandgap n-type semiconductor with bandgap of 3.2 eV. Doping
TiO2 with pentavalent niobium atoms results in increased conductivity performance since Nb 5+
ions will occupy Ti4+ sites through interstitial doping, resulting in charge compensation by
increasing the electron concentration in the conduction band. Upon increasing the niobium
doping concentration above 10%, the conductivity will decrease due to the formation of
competing point defects to maintain charge neutrality. Further doping beyond 20% approaches
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the solubility limits of niobium, thus phase segregation will occur through the formation of
niobium pentoxide.

Current methods of synthesizing NTO have relied primarily upon low pressure technique
such as DC magnetron sputtering [4], atomic layer deposition [5], pulsed laser deposition [6],
and chemical vapor deposition [7]. Deposition must often occur through epitaxial growth to
achieve resistivities below 10-3 Ohm cm, thus much effort has focused on finding scalable routes
of synthesis. More recently combinatorial atmospheric pressure chemical vapor deposition[7]
and aerosol assisted vapor deposition[8] has been explored, although these techniques were
performed at atmospheric pressure, the bulk resistivity values were still high while the overall
growth rates were low.

A promising technique for scaling up the production of advanced nanomaterials is through
combustion synthesis, which already has industrial application areas for the synthesis of
commodity powders such as pure titania, carbon black, silica, and alumina powders. Combustion
synthesis allows for the rapid synthesis of nanomaterials at high production rates while allowing
for precise control of the thin film morphology [9]. Although extensive work as demonstrated
promising applications for single component systems, recent focus has emphasized the ability to
achieve precise control for multicomponent systems. For example, using this technique, Fe
doped TiO 2 thin films with a tunable band structure could be synthesized for water splitting
applications while Cu doped TiO 2 could also be used for microbial inactivation [10].

Here we present the synthesis of niobium doped TiO 2 (Nb-TiO 2 ) thin films through a scalable
combustion synthesis technique. Combustion synthesis assisted aerosol vapor deposition in a
flame aerosol reactor was used to deposit thin films of NTO with niobium percentages ranging
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from 0-12%. In order to achieve different niobium doping ranges, the precursor feed rates of
niobium were metered using a mass flow controller with nitrogen as a carrier gas. This synthesis
technique provides a scalable technique with advantages of high growth rates, uniform thin film
composition and morphology at atmospheric processing conditions. This work shows the first
case of using a scalable multicomponent combustion synthesis technique for synthesizing
nanostructured thin films for TCO applications.

6.3 Experimental Methods
6.3.1 Flame Aerosol Reactor
A premixed flame aerosol reactor was used for the combustion synthesis of Nb-TiO 2
(NTO) nanostructured thin films. A schematic diagram of the flame aerosol reactor is presented
in Figure 6.1. A premixed hydrogen-oxygen flame using nitrogen as the carrier gas was
stabilized over a 3/8” diameter perforated tube. The face of the burner head was patterned with
evenly distributed holes to promote mixing and stability prior to the flame front. In order to
minimize oxygen entrainment into the flame, a concentric 1 inch diameter stainless steel tube
was used to shield the flame and provide a surrounding nitrogen sheath flow. An additional 1.5
inch diameter quartz glass tube was added used to shield the flame from surrounding gas
entrainment. The distance between the flame and glass substrate was kept at 3 inches while the
deposition time for the thin films were 5 minutes. The hydrogen and oxygen flow rates were
metered at 4.31 and 1.69 lpm, respectively, using mass flow controllers (MKS). The total
nitrogen flow was maintained at 6.3 lpm where a fraction of the flow was from the carrier gas
flows through each of the precursor bubblers. Precursor bubbler flow rates ranged from 0-3 lpm.
Feed rates for precursors were calculated using vapor pressure data provided by Siefering an
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Griffin[11] and Saulys et al [12]. The precursor feed lines were wrapped with heated tape
maintaining to prevent precursor wall condensation.

Thin films were deposited on a glass substrate (Eagle XG, Delta Technologies), where
the substrate was mounted on a water cooled copper substrate. The surface of the copper
substrate holder was polished prior to deposition experiments to ensure a smooth surface and
proper thermal contact between the substrate and the cooled copper surface. The temperature of
the film measured by a type K thin wire thermocouple was 350-450 K. Prior to starting thin film
deposition, the system was allowed to warm up for 30 minutes with precursor flow and the flame
lit to allow the system to stabilize and equilibrate. Deposition was initiated by inserting glass
substrates into the flame along a guided slot on the substrate holder, ad lowering the glass shield
to prevent oxygen entrainment. After the deposition period, the oxygen and precursor flows were
turned off to cut the flame. Hydrogen flow was maintained to ensure that the thin films would
cool to room temperature under reducing conditions.

Table 6.1: Flame parameters for the flame synthesis of NTO thin films
Parameter

Value/description

Flame configuration

3/8” premixed

Total Nitrogen flow (lpm)

6.5

Oxygen Flow rate (lpm)

1.69

Hydrogen flow rate (lpm)

4.3

TTIP precursor delivery rate (mmol/hr)

0.49

Nb(OEt)5 precursor delivery (mmol/hr)

0-0.1

TTIP precursor temperature (Celsius)

30

Nb(OEt)5 precursor temperature (Celsius)

95

Nitrogen sheath flow rate (lpm)

2

Height above the burner head (cm)
Substrate temperature (Celsius)
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7.62
350-400

6.3.2 Chemicals
Precursors used for Niobium and TiO 2 were Niobium(V) Ethoxide (>99%, SigmaAldrich) and Titanium(IV) isopropoxide (>97%, Sigma Aldrich). Precursor was delivered to a
premixed flame using glass sealed bubblers (MDC) where the bubbler temperature was
controlled through immersion in a temperature controlled hot mineral oil bath. Precursor feed
lines were wrapped with heated tape to prevent condensation. Precursor feed rates were
controlled by adjusting the bubbler temperatures and carrier gas flow rates.

6.3.3 Characterization
The morphology of the films were imaged using scanning electron microscopy and EDS
(Nova NanoSEM 230 Field Emission SEM) operated at 15kV. The thickness was measured by
cleaving the thin films down the center and mounting the glass substrates onto an SEM stage to
allow for side imaging. The crystal structure of the thin films were measured using X-Ray
diffraction with Cu Kα radiation (wavelength=1.5406 Å) at 35 kV and 35mA (Rigaku DMAX/A diffractometer, Japan). The conductivity of the thin films and Hall Effect measurements
where performed by cutting the coated glass substrates into a small square at the center of the
substrate while placing indium contacts at the 4 corners to create a Van der Pauw structure. Van
der Pauw structures were then used for conductivity characterization (Janis ST-500 probe
system) and Hall measurements. Transmittance and absorbance were measured in a UV-vis
spectrometer (Shimadzu 3100) in the range of 250-1000 nm. The composition and of the NTO
thin films along with the valence and chemical states of Nb and Ti were measured with X-ray
photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II).

6.3.4 Experimental plan
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The material properties of niobium doped TiO 2 thin films were studied through varying
the effect of niobium doping in a range of 0-15% during combustion synthesis. Each film was
deposited for a period of approximately 5 minutes while the concentration of niobium was
controlled by modulating the precursor flow rate delivery to the flame aerosol reactor. Each of
the films were characterized for electrical conductivity, composition, and structure.

Figure 6.1: Schematic diagram of hydrogen fuel flame aerosol reactor used for the synthesis of
niobium-doped TiO 2 nanostructured thin films.
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6.4

Results and Discussion
Nanostructured thin films of niobium doped TiO 2 were synthesized using a flame aerosol

reactor at various doping percentages by controlling the niobium precursor flow rate while
maintaining a fixed titanium precursor flow rate. The relationship between precursor flow rate
and film composition for doped nanostructured thin films is not clear. Several factors may affect
the final thin films composition which include the decomposition kinetics, nucleation
mechanisms, and deposition mechanisms. The mechanisms for the formation of NTO thin films
can be described in the following steps: 1) precursor decomposition to form small clusters of
NbTiO 2 , Nb2 O5 , and TiO 2 , 2) collisional growth of stable clusters to form stable nanoparticles,
3) deposition for nanoparticles onto the substrate surface through thermophoresis through the
boundary layer, and 4) sintering and crystallization into nanostructured thin films of Nbx Ti(1-x)O2.
It is assumed that particles are formed in the flame and deposit through thermophoresis. Below a
particle size, the clusters behave like free molecules in the flame, thus thermophoresis is no
longer dependent on particle size. Controlling various process parameters such as flame
chemistry, precursor concentration, residence time, and substrate temperature will affect each of
these steps and result in different thin film characteristics. A summary of the current flame
conditions are provided in table 6.1.
6.4.1 Thin film composition and doping
The composition and morphology of NTO thin films were measured with SEM, EDAX,
and XPS. A cross sectional SEM of a characteristic film is presented in Figure 6.2. It can be seen
that the film exhibits a dense columnar nanostructured morphology, similar to that of pure TiO 2
nanostructured thin films in previous studies [9]. The thickness ranged from 180 nm to 220 nm
yielding a growth rate of approximately 40 nm per minute. The column widths were
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approximately 30-50 nm in diameter. This columnar morphology forms through several
mechanisms including precursor decomposition, coagulation, condensation, and sintering. The
addition of a dopants in the flame will further result in the formation of Nbx Ti(1-x)O2
nanoparticles in the flame, and due to the highly reducing environment, it is hypothesized that
the formation of Nb2 O 5 is inhibited and that mixed oxides of Nbx Ti1-x O2 will form. The flame
aerosol reactor enables the rapid decomposition of TTIP and Nb(OEt)5 organometallic precursors
which in turn results in the rapid formation of ultrafine nanoparticles. Based on previous
measurements of particle size distributions in the flame aerosol reactor, the geometric mean
diameter of particles arriving at the substrate is approximately 15-20 nm [9]. These ultrafine
nanoparticles can then deposit onto the water cooled substrate (350 C-400 C) through
thermophoretic deposition, upon which the particles will sinter into the nanostructured columns.
For each of the samples, cross sectional area SEM measurements were used to determine the
thickness of the thin film. Several measurements were taken across the film to ensure film
uniformity.
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Figure 6.2: nanostructured morphology of NTO thin films synthesized through combustion
synthesis.

The composition of thin films were measured using EDX and XPS. Resulting
compositions of NTO thin films where characterized where x is the % of niobium doping in the
thin film. The composition of the film measured by EDAX and XPS are listed in Table 6.2.
Bubbler niobium % was calculated by mNb /(mNb + mTi), where mNb and mTi represent the molar
flow rates of Nb(OEt)5 and TTIP respectively, as calculated by the volumetric flow rate through
the bubbler and the temperature dependent vapor pressure for each precursor [11, 12].
Comparisons of bubbler flow rate concentrations with EDAX indicates higher bulk composition
of Nb in the thin films than what is predicted by bubbler mass flow rates. Thus there is a possible
effect of different precursor decomposition rates, where Nb(OEt)5 may have a higher
decomposition rate than TTIP resulting in an increased fraction of niobium in the thin film than
predicted by precursor delivery rates. These results were further confirmed with XPS by
measuring the surface composition of the NTO thin films. XPS results show a higher
composition of Nb when compared to bubbler concentrations, but lower when compared to
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EDAX for samples 1-5 in the range of 0-10%. However at higher concentrations (sample 1), the
XPS concentration is higher than both the EDAX concentration and the bubbler concentration
indicating possible phase segregation and migration of niobium to the surface of the thin film,
most likely due to the high temperature of synthesis. Similar discrepancies between surface and
bulk composition measurements were also found with other synthesis techniques such as electron
beam deposition [13].

Table 6.2: Thickness, composition, and performance of nanostructured thin films

Thickness
Sample
(nm)

Niobium%

Performance

Bubbler

EDAX

XPS

Eg
(eV)

T(%)

ρ
(Ocm)

1

197

19.2

16.9

23

3.52

82.8

0.16

2

203

8.3

11.9

9.6

3.42

76.8

0.11

3

230

5.6

9.5

6.6

3.47

76.9

0.066

4

201

3.7

6.8

4.7

3.44

76.9

0.058

5

202

3.2

2.5

1.9

3.4

79.5

0.21

6

233

0

-

-

3.38

83.2

0.544

High-resolution XPS spectra for samples listed in Table 6.2 are shown in Figure 6.3.
Binding energies for Ti 2p (Figure 6.6a) and the Nb 3d (Figure 6.6b) peaks were measured at
around 458 eV and 207 eV respectively which matches well with literature values [7]. These
values indicate primary oxidation states of Ti4+ and Nb5+. As the niobium doping rate is
increased, the intensity of the Nb 3d peak (normalized with the intensity of the Ti 2p peak)
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clearly also increases while the Nb 3d peak also shifts slightly to higher binding energies from
207.1eV to 207.2 eV from the lowest to the highest doping rates. The Ti 2p peak had a more
significant shift from a binding energy of 458.4 eV at 0% Nb to 458.8 eV at 23% indicating
increased charge compensation occurring with higher niobium percentages from the additions of
electrons into the conduction band.

Figure 6.3: High resolution XPS spectra for (A) Ti 2p and (B) Nb 3d binding energies. The
niobium percentages are labeled on the respective Nb peaks.

The crystal structure of the thin films as characterized by XRD is displayed in Figure 6.5.
For all of the samples over the range of doping percentages, the film structure was anatase with
101 being the dominant peak. No rutile phase was detected with any of the samples further
confirming that proper substrate temperatures were being achieved. As niobium concentration
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increased, more growth in the (004) direction was also detected. With increasing doping %, 101
peak shifted to the left from 25.2 to 25.29 2θ demonstrating a shift in the crystal lattice due to
niobium incorporation.

Figure 6.4: Normalized XRD spectra for NTO thin films synthesized through combustion
synthesis.

6.4.2 Thin film Conductivity and performance
Figure 6.4 displays resulting conductivity measurements for each of the thin films while
Table 6.2 displays the measured values for resistivity, transmittance, and bandgap. The effect of
niobium doping concentration on conductivity, carrier concentration, and mobility was examined
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for films of similar thickness and structure synthesized under the same conditions with the
exception of varying niobium precursor feed rate. The niobium doping rate is reported based on
XPS measured doping percentages. Pure TiO 2 thin films exhibited the highest resistivity values
of 0.544 Ω cm. As niobium concentration increased to 4.7 %, the resistivity decreased by an
order of magnitude to the lowest value of 0.0588 Ω cm along with a carrier concentration of
1.794 X 1019 cm-3 and a mobility of 8.17 cm2 /Vs. As Nb doping further increased, the resistivity
then reached a higher value of 0.158 Ω cm at 23% doping, however this was still much lower
than that of pure TiO 2 . The subsequent carrier density increased to 4.77 X 10 18 cm-3 while the
mobility increased to 119 cm2 /Vs. Previous publications have also noted optimal niobium doping
in ranges from 5-10% and experienced similar decreases in performance at higher doping rates
due to the formation of competing defects and phase segregation.
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Figure 6.5: Conductivity characterization through measurements of (A) resistivity
and (B) Hall mobility for NTO thin films synthesized in a flame aerosol reactor.
In order to investigate the optical properties of the NTO thin films, transmittance and
absorbance measurements were taken in the range of 220 to 1000 nm. Figure 6.4a and Figure
6.4b displays the transmittance and absorbance spectra respectively. The transmittance in the
visible range was 76.8-83%. Typically, 90% may be required for device use, thus these values
are not as high as standard ITO, this has been attributed to the higher refractive index of NTO
[4]. Figure 6.4b displays Tauc plots where the bandgap Eg could be extrapolated by scaling the
absorbance with (αhv)1/2 and plotting it against the bandgap (Eg). As Niobium doping increases, a
blue-shift to a higher bandgap from 3.38 eV to 3.52 eV can be observed resulting in a widening
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of the bandgap. This is to be expected and has been observed frequently for NTO thin films and
can be attributed to the Burstein-Moss effect [14].
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Figure 6.6: Optical characterization of thin films using (A) transmittance and (B) absorbance
measurements for Tauc plots to measure the bandgap shift of thin films

6.5 Conclusion
Using a hydrogen fuel premixed flame aerosol reactor, transparent conducting nanostructured
thin films of Nb-doped TiO 2 with an approximate thickness of 200 nm were deposited. The
doping of niobium was controlled by adjusting the precursor flow rates allowing for Nb
percentages from 0-23%. The lowest resistivity achieved was .0544 Ohm cm at a doping rate of
4.7%. Characterization using XRD confirmed anatase phase crystal structure and incorporation
of niobium while XPS and EDAX confirmed the presence and composition of niobium. Optical
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characterization revealed a transmittance of 60-90% in the visible regime. Future work should
focus on understanding and controlling the dynamics of particle formation and deposition while
further studying the mechanisms of deposition on the thin film. Optimizing this process is
required to achieve more competitive performance.
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7. Conclusion

132

7.1 Summary
The initial stages of multicomponent particle growth during the combustion synthesis of
nanomaterials were studied in this dissertation. Up until this point, gas to particle conversion
mechanisms in combustion environments have remained largely a mystery due to limitations in
instrumentation and challenges in measurement techniques. This dissertation presents the first set
of studies focused on elucidating these mechanisms of cluster growth below 2nm for single and
multicomponent systems in flame aerosol reactors.

Using a high resolution differential mobility analyzer, sub-2nm cluster size distributions
during the combustion synthesis of single component TiO 2 and multicomponent TiO 2 /SiO 2 were
measured in a premixed flat flame aerosol reactor (F-FLAR). For the first time discrete clusters
could be measured with high resolution in flame environments. Using the inverse mobility of
these discrete clusters, the approximate mass of these clusters could be determined using existing
mass-mobility relations. These clusters were hypothesized to be monomers, dimers, trimers and
tetramers of TiO 2 while the addition of dopants revealed a shift in the cluster mobility providing
evidence of mixed oxide formation at the initial stages. However electrical mobility based
measurements alone were not sufficient to reveal the exact nature of these clusters.

To provide further insight into high resolution DMA measurements, the chemistry of gas
to particle formation was further studied by using an atmospheric pressure inlet time-of-flight
mass spectrometer to measure flame clusters during the combustion synthesis of TiO 2 . Resulting
mass spectra revealed the presence of positively and negatively charged ions from the conversion
of titanium (IV) isopropoxide(TTIP) towards TiO 2 . In the case of negatively mass spectra, byproducts of chemical ionization were detected in the form of Tin O x Ny , where nitrates played an
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important role in the oxidation of TTIP to TiO 2. Positively charged clusters yielded complex
mass spectra ranging up to 1000 Da, thus mass defect plots were used to aid in interpretation.
Based on Ti isotope patterns and mass defect plots, positive ions peaks were identified as
intermediates of TTIP decomposition and oxidation. Thus prior to complete conversion to TiO 2 ,
partially oxidized TTIP intermediates would interact to form larger clusters of organometallic Ti.

Multicomponent clusters were further measured using both an APi-TOF mass
spectrometer and tandem ion mobility spectrometry-mass spectrometry to measure size resolved
chemistry. During the conversion of TEOS to SiO 2 particles, Si(OH)4 and other intermediates of
silica formation were measured, while identified ion peaks matched well with previous modeling
studies on TEOS decomposition. It was also revealed that previous assumptions of a single
monomer species being responsible for collisional growth are an oversimplification, and that for
a single cluster size of Sin , where n is the number of Si atoms in the cluster, multiple intermediate
species can exist. In reality cluster growth is much more complex and needs to take into account
the role of intermediate dimers, trimers tetramers, and so on. Extension of this towards
multicomponent cluster formation demonstrated additional mixed oxide formation at the initial
stages while experimental mass mobility plots further revealed that previous mass-mobility
relations are under predicted the mass of metal oxide clusters at a given mobility.

One of the main challenges of studying the initial stages of cluster formation is the
difficulty in charging clusters in this size range, and up to this point, only natively charged
clusters and ions could be measured. By comparing naturally charged, charge conditioned, and
neutral particle size distributions, it could be seen that charging below 10 nm is highly inefficient
and that a large number of neutral particles are present in the flame. Current voltage
134

characteristics of the premixed F-FLAR during combustion synthesis showed that the ion
concentration will change with the addition of precursor thus the charge fraction in flames may
be higher than what was originally predicted by conventional charging theories.

Finally, insight into previous studies were applied towards making thin films of
nanostructured niobium TiO 2 to demonstrate the feasibility of utilizing a flame aerosol reactor
towards making transparent conducting oxides. An enhancement of conductivity could be
measured by doping TiO 2 thin films using a premixed flame aerosol reactor to grow films.
Doping was confirmed through further characterization of crystal structure, composition, and
optical properties.

7.2 Future steps
Key findings from work performed in this thesis have set the foundation for developing a
full mechanistic understanding of gas to particle conversion during combustion synthesis.
Further work in this area should focus on addressing the following gaps

1) Mass-Mobility relationships below 2nm: We do not have a complete understanding of the
relationship between mobility and size in below 2nm for clusters of different
composition. Although empirically measured relationships have been established, we still
cannot accurately infer cluster mass or structure from electrical mobility measurements
without specific knowledge on the cluster composition. Further work should focus on
understanding how cluster properties for metal oxides such as effective density, and
morphology can affect transport properties.
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2) Kinetics of cluster growth: Predicting collisional growth rates relies on accurate
collisional growth constants. To this date, very little work has been done to examine how
cluster growth occurs at the initial stages. Now that we have identified pathways of
formation at the initial stages, there is a need to examine accurate collisional growth
kinetics for discrete clusters for both single component and multicomponent systems.
3) Flame chemistry and flame structure: Chemical ionization was shown to play a role in
particle formation at the initial stages, thus flame chemistry may play an important role in
resulting nanomaterial properties. The effect of flame chemistry and flame structure and
its role on precursor decomposition, charging, and particle growth should be studied.
4) Charging mechanisms below 2nm: Current charging theories have not properly captured
accurate charge distributions below 10nm. Difficulties stem from low charging
efficiencies making a study of the neutral fraction extremely difficult. New techniques for
studying charging and neutral particle growth should developed.
5) Sampling and measurement techniques: More comprehensive measurements of flame
cluster growth using tandem ion-mobility spectrometry-mass spectrometry should be
implemented to minimize sampling effects while allowing for charging in the post
sampling region. This will enable measurements of neutral clusters formed in the flame
aerosol reactor.
6) Optimization of niobium doped TiO2 thin films: the process of synthesizing NTO through
combustion synthesis routes has yet to be optimized. Optimization will involve a more
thorough understanding of the dynamics of particle formation and deposition which can
occur either through boundary layer diffusion or thermophoresis. Predicting the final
morphology will allow a more detailed study of the effect of the nanostructures on the
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performance of the thin films. The ability to scale up this process will require better
control of doping rates, particle formation kinetics, and deposition rates.
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Appendix I: Experimental Setup

Experimental Setup
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Figure I.1: Labview program for the control of the Half Mini DMA for measurement
of sub 2m cluster size distributions
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Figure I.2: Schematic diagram of flat flame aerosol reactor along with calibration and method
of measuring sub 2nm cluster size distributions in a flame aerosol reactor (top). Photograph of
half-mini DMA experimental setup (bottom).
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Figure I.3: Experimental Setup for coupling tandem ion mobility mass spectrometry using an
API 2000 quadrupole mass spectrometer for measuring the size resolved chemistry of cluster
formation.

141

Figure I.4: Experimental set up of flame aerosol reactor used for synthesis of multicomponent
niobium-doped TiO 2 thin films.
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Figure I.5: Picture of premixed hydrogen flame aerosol reactor used for the combustion
synthesis of niobium-doped TiO 2 thin films.
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Figure I.6: Resulting mass spectra at a fixed mobility for positively charged (top) and negatively
charged (bottom) ions in a flame aerosol reactor for TiO 2 cluster formation as measured through
tandem ion mobility mass spectrometry using an API 2000 quadrupole mass spectrometer to
obtain mass spectra.
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Figure I.7: Contour plot of mass spectra measured over a range of mobilities for clusters of TiO 2
as measured using tandem ion mobility mass spectrometry. Increased DMA voltage indicates
larger clusters (based on mobility diameter).
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Appendix II: Thermochemical Data
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Enthalpy of formation data for precursor conversion of TTIP [1,2] and TEOS [3,4,5] obtained
from previous literature is presented in table AII.1

Table AII.1: Enthalpy of formation for TTIP and TEOS intermediates
Species

𝑜
∆𝑓 𝐻298.15𝐾
[Kj/mol]

Ti(OC3 H7 )4

-1507.9

Ti(OC2 H5 )4

−1363.50

Ti(OH)4

−1268.60

TiO 2

−305.43

TiO

54.39

Ti(OH)3

-898.6

SiH3(O)

20.08

SiH3 (OC2 H5 )

-276.56

Si(O)(OH)3

-981.57

Si(OH)4

-1342.23

Si(OH)(OCH3 )2

-706.68

Si(OH)2 (OCH3 )2

-1259.38

Si(OH)3 (OC2 H5 )

-1340.97

147

References:
[1] Buerger, P. Nurkowski, D., Akroyd, J., Mosbach, S., Kraft, M., First principles
thermochemistry for the thermal decomposition of titanium tetra-isopropoxide, ISSN 1473 –
4273, (2015) Cambridge
[2] M. W. J. Chase. NIST-JANAF Thermochemical Tables, 4th Edition. American Institute of
Physics, (1998) New York.
[3] W. Phadungsukanan, S. Shekar, R. Shirley, M. Sander, RH. West, M Kraft. First-Principles
Thermochemistry for Silicon Species in the Decomposition of Tetraethoxysilane, ISSN 1473 –
4273, (2009) Cambridge,
[4] M. D. Allendorf, C. F. Melius, P. Ho, and M. R. Zachariah. Theoretical study of the
thermochemistry of molecules in the Si-O-H system. J. Phys. Chem., 99 (1995) 15285–15293.
[5] P. Ho and C. F. Melius. Theoretical study of the thermochemistry of molecules in the Si-O-CH system. J. Phys. Chem., 99 (1995) 2166–2176.

148

Appendix III: Controlled Studies on Aerosol Formation during
Biomass Pyrolysis in a Flat Flame Reactor

Controlled Studies on Aerosol Formation during Biomass
Pyrolysis in a Flat Flame Reactor

Note: the results here were published in:

Fang, Jiaxi, Anna Leavey, and Pratim Biswas. "Controlled studies on aerosol formation during biomass pyrolysis in
a flat flame reactor." Fuel 116 (2014): 350-357
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III. 1 Abstract
A methane-air flat flame reactor was designed to study the initial stages of combustion
through flash pyrolysis of biomass and factors contributing to particulate emissions were
examined. Six different types of biomass, Prosopis juliflora, cotton stalk, poplar, applewood,
oak, and cherry wood were pyrolyzed in a methane-air flat flame at various moisture
contents. Particulate matter formed was characterized through measuring mass, and particle
number size distributions. The moisture content of biomass feed stock was varied from 0%20% , while the particle feed sizes were maintained at 105 μm or below, to limit heat transfer
effects in the particle. Thermo-gravimetric Analysis was also conducted on the biomass to
obtain mass fraction data (% volatiles, moisture content) along with kinetic data. Results
indicated that the presence of moisture causes a delay in devolatilization thus decreasing the
overall efficiency in combustion. The results from this study can be used to optimize biomass
combustion for use as fuel in household settings to minimize negative impacts due to poor air
quality.
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III.2

Introduction

There has been renewed interest in recent decades over the role that biomass will play in
enabling us to meet our growing energy demands while at the same time facilitating our carbon
reduction and renewable energy targets. In fact, biomass is considered to be the renewable
energy source with the highest future energy potential [1]. Biomass is a renewable energy source
that is accessible and widely available while providing fuel stability [2]. It also offers versatility
as an electrical or heat energy source as well as a transport fuel and an additive for chemical feed
stock [2]. Political and environmental concerns are mitigated because of its CO 2 neutrality,
provided it is grown and harvested sustainably [3]. Although biomass is increasingly being used
for large-scale commercial processes [1, 4, 5], by far the largest consumers of biomass are smallscale domestic users. Almost 3 billion people throughout the developing world burn 2 million
tons of biomass daily, in traditional cookstoves and open fires to cook their food and keep warm
[6]. The vast majority of these people live in rural areas and are among society’s poorest [7] .
The poor indoor air quality that is a direct result from these biomass combustion emissions leads
to an estimated 2 million deaths per year, especially among women and children [6]. Improving
the efficiency of biomass combustion during the initial stages of combustion may result in
reduced particulate formation thus improved air quality, and improve the lives of millions of
people around the world.

Biomass combustion is a multistep process which includes the heating up, drying,
devolatilization, and oxidation of volatiles and char. When incomplete combustion occurs,
pollutants will form. Factors influencing the overall efficiency of biomass combustion include
the stoichiometric air/fuel ratio, moisture content of the wood, ambient temperature, stove
temperature, and mixing. Previous studies examining cookstove performance have established
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that the presence of moisture in the wood effects generate PM 2.5 emissions during the
combustion process, even with better air/fuel mixing [8]. These include NO x , SO x , soot, smoke,
unburned hydrocarbons, Cl compounds, and particulate metal aerosols, which form by
nucleation, condensation, coagulation chemical reactions [9]. The release of pollutants in
biomass combustion must be managed with care as to mitigate environmental and health
impacts.

Several reviews have focused on biomass pyrolysis and combustion with regards to
energy generation [10, 11] and pollutant formation [9, 12-16]. Pyrolysis occurs at the initial
stages of combustion and is the solid thermal degradation in the absence of oxidizing agents and
can be used for thermochemical conversion [11]. Due to the complexity and diversity of
available biomass, the content and classification of biomass fuel is important. Conventional solid
biomass fuels include wood, straw, and agricultural residues often in the form of chips, pellets,
and pulverized fuels. The major chemical components of biomass are hemicellulose, cellulose,
and lignin, where the ratio of each may affect tar formation and subsequent pollutant emissions
[17]. Some of the minor nutrients present in biomass include N, P, K, Ca, Mg, Na and Si which
can contribute to secondary catalytic reactions. [18, 19]. Simplified methods of classification
have been utilized using elemental compositions based on the van Krevelen diagram [20].

The initial stages of combustion directly affect overall combustion efficiency and can be
studied by examining pyrolysis. Products from pyrolysis include permanent gases (CO 2 H2 , CO ,
H2 O), aromatic tars, light hydrocarbons, and char [21]. Over the past several decades many types
of pyrolysis mechanisms have been proposed for the purpose of themochemical conversion [22].
The pyrolysis conversion efficiency can depend on factors such as the temperature, biomass
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composition, pressure, and heating rate. Such factors have been used to classify pyrolysis. For
example, the external heating conditions of pyrolysis can be classified as conventional pyrolysis,
fast pyrolysis, and flash pyrolysis. Detailed parameters regarding these operating conditions have
been summarized by Babu [10]. Previous studies regarding biomass pyrolysis have classified
interparticle pyrolytic conditions into three main regimes: thermally thick, thermally thin, and
pure kinetic [23] depending both on the heating rate and particle size.

Char formation in biomass pyrolysis under conventional and fast pyrolysis has been studied
extensively for use with energy generation applications. In addition, devolatilization studies
using flat flames have examined ignition characteristics for coal particles and the effect of
particle diameter and heating rate [24]. Methane-air flat flames are ideal for studying the initial
stages of combustion due to its short residence time and ability to achieve high heating rates. In
addition, the devolatilized fraction, char yields, and evolution of char textures were examined in
a flat flame by Therssen et al. [25]. Similar studies for sawdust pyrolysis in an atmospheric flat
flame reactor compared char and volatile yields to devolatilization models while taking into
account tar cracking [26]. Flat flames are ideal for studying flash pyrolysis due to the high
heating rate, uniform flame temperature; ignition and pyrolysis can be studied without the
influences of the flame [25].

Previous studies in biomass pyrolysis were primarily concerned with predicting char and
tar yields and have not used flat flames to examine particle formation in biomass pyrolysis.
Pollutant formation mechanisms in the initial stages of combustion have not been extensively
examined. The beginning stages of combustion significantly affect the overall combustion
efficiency and have a direct effect on the downstream pathways leading to pollutant formation.
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This study aims to understand particle formation during the initial stages of combustion, namely
under flash pyrolysis conditions for various types of biomass and moisture contents. In addition
TGA was utilized to examine the kinetics of devolatilization for various fuel types, heating rates
and moisture contents.

III.3

Experimental Methods

Experiments were conducted for six fuel types: applewood, cherrywood, cotton stalk,
Prosopis juliflora, poplar, and oak. Results from proximate analysis are presented in Table III.1.
Particle formation during biomass pyrolysis was examined in a premixed methane-air flat flame
reactor (Figure II.1). The stainless steel burner head (diameter 38.0 mm) was packed with small
stainless steel balls (diameter 2 mm) used to promote mixing, prevent the burner head from
heating up, and to reduce the risk of flashback. The honeycomb burner nozzle was comprised of
207 separate holes with a diameter of 0.8 mm. Flow rates were 0.12 and 2.4 lpm for methane
and air respectively, and controlled by MKS 1179A mass flow controllers. In order to maintain
thermally thin pyrolysis conditions, raw, unburned biomass particles were kept under 105 μm by
grinding samples in a IKA M20 Analytical Mill and sieved using a 105μm mesh (Precision
Eforming LLC., Cortland, NY). Particles were fed into the flame using a syringe pump
(Harvard Apparatus, Holliston MA) and entrained using nitrogen flow (1 lpm) and fed axially in
the methane-air flat flame using a concentric feeding tube in the center of the flame at a mass
flow rate of 1 g hr-1 (Figure III.1). Sampling was performed 120 mm above the flat flame and
particle number size distributions were measured using a TSI 3080 Scanning Mobility Particle
Sizer (SMPS) along with a TSI 3076 Condensation Particle Counter (CPC). The SMPS measures
particle size distributions by classifying aerosols based on their electrical mobility while the
condensation particle counter measures the total particle count per unit volume.
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Figure III.1: Experimental setup of the flat flame for measuring particle size distributions with
mechanisms of biomass combustion.
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Table III.1: Proximate analysis of fuel

Fuel

Ash
Content

Fixed
Carbon

Volatile
Matter

Moisture
Content

Applewood

1.63

13.88

84.49

5.93

Cherrywood

0.074

15.51

84.41

5.99

Cottonstalk

6.01

20.16

83.34

8.69

Prosopis
juliflora

4.60

19.82

75.60

6.71

Poplar

4.09

12.33

83.56

9.6

Oak

0.25

14.73

85.02

6.25

A TA Instruments Q5000IR apparatus was used to perform thermogravimetric analysis
(TGA). The resolution for this apparatus was < 0.1μg and could measure sample weights up to
100mg. Sample weights varied from 15-30 mg while high purity nitrogen was continuously
purged at a rate of 150ml min-1 through the sample chamber to remove air and volatiles. A series
of TGA experiments were run to examine pyrolysis kinetics. Moisture content was determined
by ramping the temperature at a constant heating rate to 380 K and then holding the temperature
isothermal for 40 minutes to ensure complete moisture evaporation followed by continuous
ramping to 1173 K to ensure complete devolatilization. Moisture content was determined by
taking the mass fraction at 380 K while the char content was evaluated by taking the mass
fraction at 1173K. In addition, the effect of heating rate was examined by varying the heating
rate of dry Prosopis juliflora from 50 K min-1 to 400 K min-1 . The delay in moisture was
examined by rapid heating of high moisture and low moisture biomass and comparing the weight
% and DTG curves. Finally the kinetic parameters were determined by Hi-Res Modulated TGA
with a resolution of 1.0 at ± 2 K every 200 s. The experimental plan is summarized in Table
III.2.
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Table III.2: Experimental plan for thermogravimetric analysis

Fuel Type
Experiment type

Applewoo
d

Cotto
n stalk

Prosopis
Juliflora

Popla
r

Oak

Cherrywoo
d

1 Ambient (5-10%)

Y

Y

Y

Y

Y

Y

2 Oven-dried (<5%) and high
(20%)

Y

3 15°C/min

Y

Y

Y

Y

Y

Y

Y

Y

Y

4 Varying the heating rate (15 to
400°C /min)

Y

5 Modulated TGA

Y

6 Varying moisture content (520%)

Y

III.4

Y

Y

Mechanistic Devolatilization Kinetics Using Thermogravimetric Analysis

The steps of biomass combustion begin with the initial heating of the fuel and are followed
by dehydration, fuel devolatilization (pyrolysis) into carbonaceous char and volatiles, and
oxidation of volatiles and char. A detailed schematic of biomass combustion is illustrated in
Figure III.1. Moisture evaporation occurs during the initial heating phase and is complete by 373
K. At approximately 500 K pyrolysis begins and significant weight loss will occur due to the
release of volatiles where the main products are char, tar, volatiles, CO 2 and CO. The main
products of pyrolysis are then oxidized to form residual ash, CO 2 , NO x , SO x , and other
pollutants. Moisture loss and pyrolysis are endothermic processes whereas char and volatile
oxidation is exothermic [27]. Previous studies regarding each step of biomass combustion have
been performed with varying degrees of detail and complexity [28, 29]. Upon closer examination
of pollutant formation, it has been shown that aerosols from biomass burning are formed
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primarily due to incomplete combustion [30]. Clearly, the initial stages of combustion are critical
in determining the overall pollutant formation.

Detailed pyrolysis mechanisms of parallel and consecutive reactions have been proposed
while it has been shown that the formation of tar and char may be competitive [31]. Simplified
models assuming a global single stage process have also been utilized [32]. Many pyrolysis
mechanisms have been suggested for the decomposition of volatiles with the most common
model assuming a parallel independent decomposition of three main constituents, cellulose,
hemicellulose, and lignin. Cellulose molecules are long chain linear polymers consisting of
7000-12,000 β-D glucospyranose monomers that begin to decompose from 570-660 K.
Hemicellulose molecules are polysaccharides with monomers with 5-6 monosacharide units and
decompose around 498-598 K. Lignin consists of irregular phenylpropane monomers and
decomposes from 523-773 K [33-35]. Due to the overlap in temperature ranges, it is difficult to
identify the pyrolysis curves of each component while at higher temperatures and heating rates,
simultaneous decomposition will occur.

At more severe heating conditions and higher heating rates, different components of biomass
pyrolysis tend to merge thus flash pyrolysis conditions can merit the use of single reactions to
predict product formation. This can be attributed to the decrease in competition between liquid
tar and gas volatile formation during pyrolysis [32, 36-38]. A simplified global single component
mechanism has been assumed where dry biomass decomposes into char and volatiles.
Mathematical representations of devolatilization can be written as a first order reaction:

dα
=K( 1  α)
dt

(1)
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where K is the global kinetic rate constant and α (%) is the normalized mass fraction. The mass
fraction, α, can be determined by taking the difference between the current mass and final mass
and normalizing it with the difference between the initial and final mass. The pre-exponential
factor K exhibits a temperature dependence which can be represented by the Arrhenius equation

-E 
K  Z exp 

 RT 

(2)

where Z is the pre-exponential factor at a given temperature , T is the temperature of interest, E is
the activation energy in KJ mol-1 , and R is the ideal gas constant. Traditional TGA experiments
utilize linear temperature ramps while determination of activation energy can require conducting
multiple TGA experiments at various heating rates. Continuous kinetic data can be obtained by
modulating the linear temperature profile using sinusoidal oscillations in a technique called
modulated TGA[39]. In addition dynamic heating rates at high resolutions can be coupled with
modulated TGA to obtain more reproducible results. Kinetic parameters such as the activation
energy, E, and pre-exponential factor, Z, can be obtained by comparing the peaks and valleys of
neighboring peaks in a sinusoidal signal based on the following expressions:

R(T 2 - A 2 ) ln(
E=

dα p
d αv

2A

)
(3)

   E
ln Z   ln 

 1 -   RT
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(4)

where T is the average temperature of the oscillation while A is the amplitude of oscillation. The
conversion values of the valleys and peaks are represented by αv and αp , respectively. This is an
empirical approach and does not make any assumptions regarding the specific chemical
mechanisms of devolatilization and measures the global activation energy.

III.5

Results and Discussion

The initial stages of combustion are critical in influencing the downstream processes of
particle formation. First the results from TGA studies will be presented examining the
devolatilization curves for various types of biomass fuels, increasing heating rates, and moisture
levels. TGA studies will be used to understand fundamental properties of biomass pyrolysis.
Finally results from flat flame experiments will be used to study particle formation during the
initial stages of combustion. Results from both types of experiments will then be discussed in
relation to each other.

III.5.1 Devolatilization Kinetics
Thermogravimetric experiments were performed to examine the devolatilization of various
types of biomass. Figure III.2 displays weight percentages and derivative thermogravimetric
(DTG) curves comparing applewood, cherrywood, cottonstalk, Prosopis juliflora, poplar, and
oak with a constant heating rate of 15 K min-1 . Qualitative analysis of the plots reveals three
distinct regions of devolatilization: evaporation region, main pyrolysis region, and termination
region. The evaporation of moisture occurs from 330 to 380 K. The second region is the main
pyrolysis region with its onset beginning at approximately 470 K and terminating at about 700750 K for higher heating rates [40, 41]. Qualitatively, DTG curves can be described to show the
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presence of an initial hemicellulose shoulder for pyrolysis due to the peak rates of hemicellulose
devolatilization occurring at lower temperatures than the overall peak devolatilization. A DTG
peak associated with cellulose pyrolysis follows and ends with a rapid decrease of pyrolysis rate
to near zero after 750 K. The tail present in the DTG curves is due to lignin which has a wider
range of devolatilization. As the heating rate increases, these characteristic peaks will become
less discernible. More details regarding the effect of higher heating rates will be elucidated in
section II.5.2.

Several key kinetic parameters determined by TGA and modulated TGA analysis describing
biomass pyrolysis are summarized in Table III.3. The peak devolatilization temperature Tm is the
temperature at which the peak devolatilization rate, DTG m, occurs. Both Tm and DTG m are useful
in examining the changes in the fuel reactivity for various types of fuels and heating conditions.
For the six types of fuel, peak devolatilization rates ranged from 10.43-16.52 % min-1 at
temperatures from 594 K to 649 K (Table III.3). From Figure III.2b, an initial shoulder can be
observed in the DTG curve indicating local maxima associated with hemicellulose
devolatilization. This shoulder is most pronounced for cherrywood at 293 K while it is not
observable for cottonstalk indicating a more significant fraction of the devolatilization occurring
due to cellulose in cottonstalk. For all types of biomass, low rates of thermal decomposition
beyond 973 K can also be observed which is characteristic of lignin pyrolysis while the final char
yield at slow heating rates ranged from 11.39% to 28.30% (Table III.3). Even under the same
heating conditions, there are differences in the devolatilization characteristics for different types
of biomass.
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Figure III.2: Thermogravimetric mass % (2a) and DTG (2b) curves comparing
applewood(), cottonstalk(), Poplar(), Prosopis juliflora(), Cherrywood(), Oak()
at a constant heating rate of 15 K min-1
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Kinetic parameters such as the activation energy and pre-exponential factor were obtained
from modulated TGA experiments. Measured activation energies averaged over the main
pyrolysis zone ranged from 133 to 158 kJ mol-1 for the six types of biomass fuels (Table III.3).
Although several other techniques such as the Friedmann method [42], Flynn-Wall-Ozawa
method [43], and Kissinger [44] method have been used to determine the activation energy, they
require multiple TGA experiments at various heating rates. Hi-Resolution modulated TGA has
been used successfully for biomass fuels to obtain kinetic parameters without theoretical
assumptions or prior mathematical modeling [45]. Different types of fuels exhibit variations in
key kinetic parameters which play a more significant role during the initial stages of combustion.
The combustion of volatiles is a key step in the formation of aerosols such as tars, PAH, soot,
and VOC’s while the pathways to the formation of pollutants is directly affected by the rate of
devolatilization. Subsequently, when complete oxidation reactions have yet to occur, the rapid
release of volatiles promotes aerosol formation through nucleation, condensation and coagulation
of volatiles, char, and tar which has direct effects on the mixing and rates of volatile oxidation.
Because volatiles are primarily responsible for particle formation in pyrolysis, understanding
differences in devolatilization characteristics between different types of biomass are critical in
studying the overall pollutant formation mechanisms in biomass combustion. the variations
observed through TGA experiments for biomass pyrolysis indicate that the initial stages of
combustion are critical to understanding the formation of particulates.
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III.5.2 The Effect of Heating Rate:

Results from TGA experiments comparing various higher heating rates are displayed in
Figure III.3. Prosopis juliflora was pyrolyzed at 5, 50, 100, 200, and 400 K min-1 in an inert N 2
environment. The peak devolatilization temperature Tm shifted from 577 K for 5 K min-1 to 646
K for 400 K min-1 (Table III.4). Qualitative observation of Figure III.3b shows that at lower
heating rates the initial shoulder of hemicellulose devolatilization is discernible. Under slow
heating rate conditions, first order, single stage mechanisms may not be sufficient for accurate
prediction of biomass pyrolysis conversion [46]. As the heating rate increases, the initial
shoulder becomes less discernible as hemicellulose and cellulose are not influenced the same by
increasing the heating rate. High temperature reaction pathways become more favored and can
be described by the rapid formation of reactive free radicals making the mechanisms of pyrolysis
more characteristic of a single component mechanism as the assumption that they react
independently may no longer hold [21].
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Figure III.3: Mass% (3a) and DTG (3b) curves comparing various heating rates for Prosopis
juliflora for 50 K min-1 (), 100 K min-1 (), 200 K min-1 (), and 400 K min-1 ()

In addition, a shift to higher temperatures of the peak devolatilization rate from 577 K to 646
K is observed (Table III.4). Such a thermal lag is consistent with results from other studies and
has been attributed to the delay in heat transfer to the sample [47]. As heating rates increase, a
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single step devolatilization mechanism can be qualitatively observed showing that global single
step rate mechanisms can be used to examining flash pyrolysis of biomass particles during the
initial stages of combustion. In addition, it should be noted that 500 K min-1 is the highest
heating rate achievable by the TGA instrument. The ability to achieve flash pyrolysis conditions
is not possible due to limitations in instrumentation. Additionally, at higher heating rates, heat
transfer effects are no longer negligible as temperature gradients may develop within the sample
resulting from thermal conduction effects, thus smaller sample sizes and more precise
instrumentation may be needed to achieve such conditions. Nonetheless, even though the heating
rates between the TGA and flat flame are on different scales, the TGA is able to capture the
effects of increasing heating rates during biomass pyrolysis. Further examination of more
extreme heating rates in the pure kinetic regime would be difficult, especially for obtaining
kinetic parameters and warrants more study.

Table III.3: Shift in peak devolatilization at higher heating rates as seen in Figure III.2

Heating Rate,
K min-1

Peak, K

Peak rate,
% min-1

5

577

4.641

50

618

40.78

100

627

81.34

200

637

153.3

400

646

269.5
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III.5.3 Effect of Moisture as Measured by TGA

The role of moisture in biomass devolatilization is also examined by introducing rapid
heating rates for fuels with various moisture contents and observing their behavior. Figure III.4
compares the devolatilization of applewood for high (~20%) and ambient (5%) moisture levels at
200 K min-1 and 400 K min-1 . At 200 K min-1 , higher moisture content results in a delay in the
peak devolatilization from 625 K to 631 K. A delay in devolatilization can be expected since
drying is an endothermic process while the presence of water vapor may also have a cooling
effect. As the moisture content increases, more energy and time will be required to increase the
temperature extending conversion times [48]. In addition, the presence of moisture delays
devolatilization by decreasing the pyrolysis temperature and through convective cooling by the
presence of water vapors [49, 50] . Water can be present in biomass in three forms: water in
pores, capillary water, and bound water [51]. Once the moisture content reaches approximately
30%, there are no more molecular sites for water to bind; this point is commonly referred to as
the fiber saturation point. Mathematical models have been employed to characterize liquid and
gas phase biomass particle drying and have demonstrated that at high heating rates, gas phase
transport dominates the drying process [52].

At 400 K min-1 the opposite effect seems to occur where Tm in fact shifts to lower
temperatures from 362.6 K to 535.4 K when increasing the moisture to 20%. Similar results have
been reported by Fanfei et al. [53] where the peak devolatilization will shift to lower
temperatures with increases in initial moisture. These results indicate a potential favorability
towards the catalytic pathways of cellulose hydrolysis in the presence of moisture at higher
heating rates as evaporation may not be complete when biomass devolatilization begins. Since
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these results were obtained in a more well controlled environment, the enhancement of
devolatilization observed at 400 K min-1 does not necessarily indicate the same effect will be
observed in practical combustors since moisture evaporation is dependent on factors such as the
fuel dimensions, heating conditions, and type of biomass in addition to the kinetics. Heat and
mass transport effects will play a larger role in determining the effect of initial moisture on
biomass pyrolysis. In order to fully understand how moisture plays a role during the initial stages
of combustion, transport effects must be taken into further consideration.
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Figure III.4: Devolatilization of applewood particles for oven dry (solid) high moisture (dashed)
fuel. Experiments were performed at a heating rate of 200K min-1 (4a) and 400K min-1 (4b)

III.5.4 Particle size distributions for various types of biomass

The measured particle number size distribution data from the flash pyrolysis of biomass
in a flat flame are displayed in Figure III.5 for applewood, cherrywood, cottonstalk, oak, poplar,
and Prosopis juliflora. The geometric mean diameter (dpg ), geometric standard deviation (σg ),
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and total number concentration (Nt) are shown in Table III.5. The measured flame temperature
was 1073K while the heating rate was estimated at ~5x10 6 K s-1 . The geometric mean diameter
varied from 58.15 nm (oak) to 112.91 nm (cherrywood) while the total number concentration
ranged from 1.26x107 to 3.46x107 # cc-1 . Measured particle size distributions are typical of
ultrafine mode and accumulation mode aerosols formed through nucleation, coagulation, and
condensation. Comparison of TGA kinetic parameters (Table III.3) and measured particle size
distribution measurements (Table III.5) for different types of biomass does not yield a clear
relationship or trend. This may be partially due to the fact that the time scales of devolatilization
in TGA experiments are orders of magnitude larger than the time scales in the flat flame reactor
while the physical processes of particle formation are not accounted for in TGA analysis.
Although differences in the particle number size distributions can be observed between the types
of biomass in the flat flame reactor and in TGA experiments, the direct effects on particulate
formation still merit further consideration.

Table III.4: Key kinetic parameters of devolatilization as measured by TGA (Figure III.2) and
modulated TGA

log[A(min -1 )]

Ea (KJ mol-1 )

Shoulder
Temperature (o C)*

Peak Temperature
(o C)*

Peak rate
(min -1 )*

Char Yield
(Dry Basis)*

Applewood

11.90

134.55

582

626

11.43

17.04

Cherrywood

11.73

153.76

566

636

14.46

17.56

Cottonstalk
Prosopis
Juliflora

12.611

139

Na

594

10.43

21.46

12.82

139.13

560

595

11.39

28.30

Poplar

11.65

158

573

646

16.52

11.39

Oak

11.74

133.64

566

640

14.22

14.15

Fuel Type
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Figure III.6 examines the particle size distribution for various levels of moisture for
applewood. As moisture increased, the geometric mean diameter for applewood decreased to
59.89 nm while the total number concentration also decreased from 2.36 x10 7 to 1.48 x107 # cc-1
indicating the presence of moisture suppressed devolatilization. The observed decrease in
particle formation could be caused by two mechanisms. First, the presence of moisture will result
in lower pyrolysis conversions due to the latent heat of water vaporization. As a result, for the
same reaction time, there will be less volatiles released and a decreased rate of particle
formation. The second mechanism is caused by the transport properties of fast evaporation.
Under flash pyrolysis conditions such as in the flat flame, it can be assumed that fast drying
occurred. During fast drying, the transport of convective gas phase vapors is very high and the
increased presence of water vapor will decrease the overall pyrolysis temperature.

Figure III.5: Measured size distributions for various types of fuel comparing applewood(),
cottonstalk(), Poplar(), Prosopis juliflora(), Cherrywood(), Oak()
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Figure III.6: Measured size distributions for high moisture applewood(), ambient
moisture applewood(), and oven dried applewood().

Table III.5: Size distribution statistics regarding for measured size distributions

Fuel type

GDM
(nm)

GSD1

Nt (#/cc)

Cherrywood

112.91

1.45

2.39x107

Cotton Stalk

88.72

1.39

3.46x107

Prosopis Juliflora

85.6

1.45

1.81x107

Poplar

84.63

1.69

1.26x107

Oak

58.15

1.45

1.52x107

Applewood

89.78

1.4

2.36x107

Oven Dry Applewood

89.72

1.43

2.81x107

High Moisture
Applewood

59.89

1.44

1.48x107
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The relationship between aerosol formation during the initial stages of biomass
combustion may not be entirely intuitive and merits some discussion. The effect of suppressed
particle formation during the initial stages of biomass should not be confused with an overall
decrease in pollutant emissions or higher combustion efficiencies. In the absence of excess
oxygen, the flat flame only examines the initial pyrolysis stage. In a complete combustion flame,
the byproducts of pyrolysis typically will undergo oxidation immediately after pyrolysis. The
oxidation of volatiles will depend on various properties such as degree of mixing, temperature of
the mixture, presence of condensed tars, and the composition of volatiles. In addition remaining
solid char will also undergo oxidation in the flame. A key difference between pyrolysis and
oxidation is that oxidation is highly exothermic and self sustaining. As the combustion reaction
progresses, the energy from volatile and char burning will in turn heat the unpyrolysed fuel.
Increased mixing between the fuel and oxidant can be encouraged by maximizing the release of
volatiles in the gaseous phase. Suppressed particle formation in the flat flame is an indication
that fewer volatiles were released from the fuel since a higher volatile concentration in the
reactor will result in increased rates of nucleation. Thus the mechanisms responsible for a
decrease in combustion efficiency begin during the initial stages of biomass combustion, namely
pyrolysis. It has been demonstrated that at this stage factors such as fuel type and moisture level
will effect pyrolysis conversion in biomass and therefore affect the downstream combustion
efficiency.

III.5.5 Conclusions
Comparison of results from thermogravimetric analysis (TGA) and flat flame
experiments show that both systems complement each other when studying combustion at
fundamental scales. While the TGA provides a well controlled environment to carefully study
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pyrolysis kinetics for various types of fuels and heating conditions, the flat flame can examine
how these factors affect particle formation. Results for both the TGA and flat flame have
demonstrated that the pyrolysis of biomass can vary significantly depending on the fuel type
while the presence of moisture acts to suppress devolatilization. In addition using the flat flame
and TGA permits the initial stages of combustion at different heating rates, length scales, and in
pyrolysis environments to be examined.

The kinetics of pyrolysis was examined in a TGA to study the variation between six types
of biomass fuel and the effects of increased moisture content. At slow heating rates of 15 K min1 , the

weight loss and derivative thermogravimetric curves were compared for various types of

fuel. Differences were observed for the peak heating rates, heating temperatures and final char
yields. In addition, modulated TGA was used to determine the average activation energy and preexponential parameters. Measured activation energies ranged from 133 to 158 kJ mol-1 while the
pre-exponential factor ranged from 11.49-13.96 log [A min-1 ]. These results demonstrate that
differences in the type of biomass are apparent at the initial stages of combustion. Increasing the
heating rate resulted in a shift in the peak devolatilization temperature from 577 K for 5 K min-1
to 646 K for 400 K min-1 while higher heating rates were more characteristic of single step
mechanisms. Initial moisture in the biomass seemed to have a compound effect on the kinetics of
devolatilization causing both a shift in the peak devolatilization to higher temperatures at 200 K
min-1 while slightly enhancing devolatilization at 400 K min-1 . At higher heating rates in TGA,
heat transfer effects may begin to have an effect on the kinetics of devolatilization thus further
study into heat and mass transport should be considered.
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Flash pyrolysis of biomass in a flat flame reactor was also studied to examine the same
factors affecting pyrolysis. Particle number size distributions were measured in a flat flame
reactor for six types of fuels while the moisture levels were varied for one type of fuel. Similar
trends observed in TGA studies were also demonstrated in the methane-air flat flame reactor.
The size distributions varied depending on the fuel type while increases in moisture suppressed
particle formation indicating a lower overall pyrolysis efficiency. These results help elucidate
how the initial stages of combustion are critical in determining the overall downstream
combustion efficiency. Different types of biomass and varying moisture levels effect overall
particulate formation, however a further examination of the transport phenomena is needed to
establish clear relationships between the kinetics and pollutant formation. In the future results
from this study can be used to generate simple cook stove models to predict particle formation.
In addition more detailed studies should be performed on the transport and kinetics of oxidation
following the products of pyrolysis.
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